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2Some complexes of cerium (IV), thorium (IV), and uranium(IV) and 
trivalent lanthanide ions with the anions of quadridentate Schiff 
bases, e.g., NNl’-ethylenebis(5-t-butylsalicylideneimine) have been 
prepared, and their properties investigated by chemical analysis, 
molecular weight and conductivity measurements, infra-red, visible, 
and ultra-violet absorption spectroscopy, nuclear magnetic resonance 
spectroscopy, and X-ray powder diffraction studies.
It has been shown from molecular weight and conductivity measure­
ments, and nuclear magnetic resonance spectroscopy that the complexes of 
tetra-valent metal ions are monomeric and unionized in solution, and the 
complexes of tri-valent metal ions are largely polymeric in solutions 
of non-polar solvents. The similarity of the visible absorption spectra 
in the solid and solution phases suggests the solids have the same 
structures as the solution species.
The coordination number of Nd2(t-Busalen) 3 has been deduced through 
the hypersensitive transitions observed in the visible region of the 
absorption spectrum by comparison with the spectra of complexes of known 
structure. The same values were found for both in solid complexes and 
in solution.
By X-ray powder photography isomorphism was found in some cases.
Complexes of iron(II) with the anions of the quadridentate Schiff 
bases? NN*-ethylenebis(salicylideneimine) and NN1-phenylenebis(salicyli- 
deneimine) have been prepared and shorn from magnetic and Mossbauer 
investigations to contain high-spin iron (I I). These ligands take up
ABSTRACT
3planar configurations around bivalent metals but the complexes are believed 
to have six-coordinate structures. Complexes with potentially penta- 
dentate ligands have also been prepared and may have five-coordinate 
structures.
By reaction with nitric oxide, the iron complexes apparently form 
penta-coordinate mononitrosyls in the case of quadridentate ligands and 
hexa-coordinate mononitrosyls in the case of pentadentate ligands. Hie 
mononitrosyl compounds are high-spin, with room temperature moments 
corresponding to three unpaired electrons.
A complex of cobalt(II) with the anion of NNf-ethylenebis(5-t-butyl- 
salicylaldimine) and its nitric oxide complex, a complex of iron(II) 
with the anion of the bidentate Schiff base ligand, 5-t-butylsalicyl- 
aldimine, and the pyridine adduct formed by bis(5-t-butylsalicylalde- 
hydato)iron(II) have also been investigated.
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CHAPTER ONE
SCHIFF BASES AS LIGANDS - AN INTRODUCTION
11
1.1 Complexes of Cobalt and Iron
Schiff base complexes of metal ions have been known for over one
1hundred years and before the general preparation of the Schiff bases 
themselves.^
Schiff bases are those compounds containing the azomethine group 
(~RC=N-) and are usually formed by the condensation of a primary amine 
with an active carbonyl compound.
A wide variety of these compounds are known and many Schiff bases 
used as ligands with transition metal ions. Of all Schiff base comp­
lexes, those derived from salicylaldimines have been most thoroughly 
studied.
The chemistry of Schiff base complexes of copper(II), nickel(II) 
and other ions has been well-documented*^ and a large number of crys­
tal structures have been determined; these will not be discussed here 
in detail. The first part of this review will be restricted in the 
main to crystallographic studies of iron and cobalt complexes whilst 
later work with the lanthanides and actinides will be described since 
these were the metals of primary importance in the present work.
For the same reason attention will be paid to potentially tetra- and 
penta-dentate bases and metal complexes of them with small molecules 
such as dioxygen whilst complexes with nitric oxide will be discussed 
in chapter 3. Additionally a small amount of work reporting complexes 
of the parent carbonyl compounds, e.g. salicylaldehyde, is included.
HISTORICAL INTRODUCTION
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Hie first comprehensive investigation was carried out by Pfeiffer
et al. 8 It was found that the colour of NN’-ethylenebis(salicylidene-
iminato)cobalt(II) changed from red to black on exposure to air.
Tsumaki^ found that this oxygenation was reversible if the complex was
heated in an atmosphere with a low partial pressure of oxygen. Calvin 
7et al. investigated the role of ring substituents which sometimes in­
crease the tendency to absorb oxygen but do not affect the quantitative
Qabsorption of oxygen. It has been shorn that in the presence of Lewis 
bases, many Schiff base complexes of cobalt (I I) are able to bind mole­
cular oxygen reversibly to form either dimeric (Co:02 ; 2:1 ) dioxygen-
bridged species or monomeric (1 :1 ) complexes with dioxygen bonded
q" end-on From recent studies of electrochemistry, electron spin
10-12 13resonance and magnetic behaviour, it has been shorn that the
■j 0 _ i  9 I  a 1 c:Lewis base effect, the role of hydrogen bonding, ’ ’ and steric
9 13 16-22hindrance ’ * are the main factors influencing the formation of
such complexes with both cobalt and iron. Only a few cobalt Schiff 
base dioxygen structures are known 20,23,24 2:1 ^~^8).
The structure of the inactive form of NNT-ethylenebis (salicylidene-
29 30imnato)cobalt (II), Co (salen), consists * of dimeric units,
(Co(salen) >2, rather than monomeric layered units as previously sugges- 
31ted, Dimerisation occurs through the presence of interactions between 
the cobalt atoms and phenolic oxygen atoms of the Schiff base (Figure 
1.3). In this manner the cobalt becomes five-coordinate in a distorted 
rectangular-based pyramid.
The structure of the active monochloroform adduct of Co(salen) has also 
been determined,It has a planar arrangement of the metal ion and 
Schiff base with the chloroform molecules weakly hydrogen-bonded to the
17
phenolic oxygen atoms, and not axially bonded as previously suggested.
29The active form of Co(salen) are presumed to contain dimeric,
{Co(salen)}2, units but with an open lattice packing relative to the 
inactive form.
The crystal structure of the oxygen adduct of (Co(salen)} of for- 
mula {Co(salen) >2P2(DMF) 2 (DMF = dimethylformamide) has been determined. 
Two cobalt atoms are joined by an 0-0 bridge. Hie coordination sphere 
around the cobalt atom is a distorted octahedron. The tetradentate 
salen ligand occupies the equatorial positions, the axial positions 
are occupied by the oxygen atom of the dimethylformamide molecule and 
‘ by an oxygen atom of the 0-0 bridge. The non-linearity of the Co(0)2Co 
group (the Co-0-0 angle is 120.3°) and the diamagnetic nature of 
Co (salen)>2(0 2) (DMF)2 are consistent with peroxo-type of bonding,
However, the 0-0 bond length (1.339 ± 0.006 & ) is in closer agreement 
with that expected for a superoxo- group, 0""2 . The reason for this 
difference is suggested as being due to partial transfer of electron 
density from cobalt to 0 2 in such a way that irreversible oxidation 
does not^ take place.
36Hie structure of pyridine NN*-butylenebis (salicylideneiminato)
cobalt (II) reveals the two crystallographically independent molecules
(A) and (B) 3 which are not stereochemically equivalent. In (A) the
cobalt atom geometry is a distorted square-pyramid with the metal atom 
o
displaced 0,21 A towards the apical pyridine, whereas in (B) it is 
largely distorted towards a trigonal-bipyramid. It has been assumed 
that the square-pyramidal geometry could be a better one for the absorp­
tion of oxygen than the bipyramidal form, in which the cobalt atom is 
•  ^ much more screened by ligands from the attack of a sixth group.
33
v; .
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The crystal structure analysis for NN,-(o-phenylene)bis(sali- 
cylideneiminato)cobalt(II), Co(salphen), also shows two different crys­
tal modifications. The Co(salphen) molecules in the two cases differ 
only in their planarity. Where side-views of the molecules in the 
two types of crystals are compared, one type of molecule is slightly 
distorted towards an umbrella-shape, in contrast with the planar molecule 
of the other.type. It has been assumed that this is probably due to the 
different crystal packings. The cobalt atom in both structures has an 
approximately planar geometry.
Recently the crystal structures of NN’“{2(2,-pyridyl)ethylenebis
38(salicylideneiminato)}cobalt(II) ethanol, {Co(salpeen)}.EtOH, and
39(Co(salpeen)(02)}.MeCN have been reported. The former has two crys- 
tallographically independent molecules in the. asymmetric units, each 
hydrogen-bonded via an oxygen atom to an ethanol adduct molecule with 
only small differences between the two molecules. The geometry about 
cobalt in this compound is . distorted trigonal-bipyramidal. In the 
second compound the coordination sphere around the cobalt centre is 
shown to be approximately octahedral and there is a nearly planar armge- 
ment of the Schiff base. Dioxygen is coordinated in the end-on bonding 
mode and the Co-0'"^  angle is 134(4)°.
Pfeiffer et al.,^ (1933) suggested that Schiff base complexes of 
iron (II) could be made by reaction of an aqueous solution of a metal 
salt with a prefonned Schiff base in an organic solvent, and this has 
been verified^’^  but oxygen must be absent so that the earlier com-
5pounds in fact contained iron (I II) only.
Aqueous iron(II) sulphate was reacted with salicylaldehyde and ethyl- 
enediamine in air to produce the red-brown oxo-bridged compound y-oxo-
37
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bis{NN!-ethylenebis(salicylideneiminato)iron(III)}, {Fe(salen)}20.
Also synthesised were a number of other iron(III) derivatives e.g. 
salen-iron(III) chloride, salen-iron(III) acetate and salen-iron(ITI) 
benzoate.
Octahedral, high-spin complexes of iron(II) are expected to possess 
effective magnetic moments of about 5.5 B.M., but increasing electron 
delocalisation and distortion from cubic symmetry causes the magnetic 
moments to approach the spin-only value and to vary little with tem­
perature.^2 Magnetic measurements on Fe(salen)^0 and its ring-substi­
tuted derivatives suggested that these compounds have a highly distorted 
octahedral or planar structure with considerable delocalization. The 
observed magnetic moment of Fe(salen) (4.77 B.M.) is below the spin- 
only value (4.9 B.M.). This work has demonstrated the need for anaero­
bic preparative conditions, the lack of which had led to incorrect in­
terpretations of magnetic, spectral, and Mossbauer data. However, the 
low moment may result from antiferromagnetic interactions of the type 
found for Mn(salen) suggesting a dimeric arrangement. This is
supported by the fact that the monopyridine adduct Fe(salen)Py shows 
magnetic properties that are consistent-with normal high-spin iron(1 1 ).^
Fe(salen) readily reacts with oxygen and undergoes irreversible 
oxidation to form the oxo-bridged complex {Fe(salen)}20o The suggested 
oxo-bridge linkage has been confirmed by X-ray diffraction structure 
studies on both (Fe(salen) }2.0.2Py^ and {Fe(salen)}20.CH2C12 .^ 8 
In the former compound the iron atoms, linked by an oxygen atom, are 
both five-coordinate with a distorted square-pyramidal geometry. The 
Fe-O-Fe bridge angle is 139°. This compares with the angle of 142.2° 
found in Fe (salen) 20 .CH2C12„ ^8 These angles are much smaller than
20
those observed in other oxygen-bridged iron systems. ^ h i s  is
45thought to be due to steric effects.
It is known^8’^  that {Fe(salen)Clcan be obtained either as a 
monomer or as a dimer according to the solvent from which it is crys­
tallized. The two forms can be distinguished by their magnetic moment 
at room temperature (5.7-6.0 B.M. for the monomer and 5.1-5.4 B.M. for
the dimer). The low magnetic moment of the dimer has been attributed
cto antiferromagnetic interactions. The dimeric nature of Fe(salen)Cl
has been demonstrated by X-ray diffraction techniques.^8 ’ 50 The bi-
nuclear unit involves intermolecular- interaction between phenolic
oxygen atoms of the Schiff base and metal ions to give bridging Fe-0-
29 30 49 51Fe bonds similar to those found in other salen systems * ’ ’
(Figure 1.3). Mossbauer data have been reported for a number of iron-
52-55(III) salen derivatives. Monomeric units of the Fe(salen)X, (X=
halide) compounds are also formed, as indicated by Mossbauer and mag- 
e 49 54netrc measurements. 9 The monomer has a normal magnetic moment for
ehigh-spin iron(III), and has an approximately square-pyramidal struc-
56 oture. In both the dimer and monomer the Fe-Cl bond distance is 2.28 A.
The only information available, other than X-ray structure determina­
tion, for the assignment of structure of monomeric or dimeric complexes 
seemed to be the variation of the magnet icA with temperature ; the moment 
decreases to about 3.8 B.M. at low temperature (100 K) in the case of
the dimers, through antiferromagnetic coupling of the two high-spin
49 57iron atoms. But recently, a careful comparison of i.r spectra in
the 800-900 cm region of a series of Schiff base complexes, for which
the structures were assigned through the variation of the magnetic
■bo
moment with temperature, has led^  another (simpler) way for distinguish-
21
ing between the monomeric and dimeric forms. It is reported tliat in 
the case of monomers only one band at r865 cm 1 is present in the spec-:, 
tra , whereas for the dimers three bands can be always found at 890,
‘*'865 and "*855 cm . It has been assumed that dimer formation is essen­
tially a solid-state phenomenon, controlled by both steric and elect­
ronic factors, and it appears that when the ligand is very flat or
57flexible the dimeric structure may be favoured. By changing the na-
58ture of the apical ligand X, Pasini et al. have been able to charac­
terize one type of monomeric low-spin complex for the first time;, they 
obtained a six-coordinate complex with the formula Na{Fe(salen) (CN) 2} 
(u=2.21 B.M.) by reaction of {Fe(salenjCl} with NaCN.
The iron(III) complexes of quadridentate Schiff bases, {Fe(L)AB>
(where H2L represents a quadridentate Schiff base, and A and B uniden-
tate ligands, such as imidazole, pyridine derivatives and cyanide ion)
59have been reported. The magnetic moments of the complexes depend on 
the Schiff bases and axial ligands and are in the range of 1.9-6.0 
B.M. at room temperature.
The crystal structure of [NN'-{2(2'-pyridyl)ethyl}ethylenebis 
(salicylideneiminato)jiron(II), {Fe(salpeen)}, has been determined.^ 
The complex has a distorted trigonal-bipyramidal geometry, similar to 
that found for cobalt complex. This complex does not form an easily 
isolable dioxygen adduct; presumably rapid irreversible oxidation of 
the type commonly observed for iron(II) complexes^ would occur or the 
approach of the oxygen molecule is hindered.
Schiff base complexes of iron(II) with bidentate ligands have:
6been little studied. Bidentate ligands, unlike quadridentate ligands,
22
do not force a planar configuration on the metal atom, and the struc­
tures vary widely, depending upon the steric conditions arising from the 
substituent R' (Figure 1.2) . ^ ,(32 Poddar and Dey^8 have prepared iron- 
(II)/ complexes of 3-carboxy-salicylaldehyde condensed with aniline and 
anthranilic acid but they took no precautions to exclude air so that the 
products were probably oxidised.
It has been reported that the iron (I I) complexes with N-phenyl-^ 
and N-methyl-salicylideneimine^’ ^  are high-spin, and de Vries^5 has
obtained Mossbauer data consistent with high-spin iron(II). Later,
66 67Larkworthy et al. and de Vries et al. reported.the magnetic and
Mossbauer data for the iron(II) complexes of quadridentate and biden- 
tate Schiff bases derived from salicylaldehyde and concluded that these 
compounds are probably six-coordinate because of intermolecular inter­
actions .
Results^8*^ from mass spectral and magnetic investigations of
70chlorobis(N-n-propylsalicylaldiminato)iron(III) have been confirmed 
by X-ray crystallography; the complex is monomeric and its stereochem­
istry is best described as intermediate between square-pyramicLal 
(apical chloride) and trigonal-bipyramidal (two apical nitrogen atoms), 
the bidentate ligand being approximatly planar.
The crystal structure and magnetic properties of a five-coordinate
iron (I II) complex with the bidentate ligand N-(2-phenylethyl)salicyl-
71aldimine, L, with formula (FeL)2Cl has been reported. In the struc­
ture of the compound the coordination of iron (1 1 1 ) is intermediate be­
tween the trigonal-bipyramidal and square-pyramidal arrangements.
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Potentially pentadentate Schiff base ligands have been prepared by
the condensation of substituted salicylaldehydes with tridentate amines
(Figure 1.2). The preparation and magnetic susceptibilities of some
cobalt and other 3d metal complexes with ligands of this type have been
72 73reported by Calvin et al., ’ without any other details, in the course
of their investigations of the oxygen-carrying capacity of the cobalt 
chelates.
74The first systematic study, reported by Sacconi and Bert ini, 
involved various substituted salicylaldehydes and 3,3T-iminobis(pro­
pylamine) , (X-saldpt) or 3,3’-iminobis(propylmethylamine), (X-salMedpt) , 
(Figure 1.2). Molecular weight measurments on some nickel complexes in 
benzene solution and also the similarity of the spectra of the complex 
in the solid state and in solution led the authors to conclude that 
these compounds are always present as monomeric molecules, which may 
be formulated as M(X-saldpt) and M(X-salMedpt), (where; M = Mn(II), 
Co(II), Ni(II), Cu(II), or Zn(II)). The resulting metal complexes were 
found to have high-spin, five-coordinate structures. Similar ligands
have been employed wherein o-mercaptobenzaldehyde was used instead of
75salicylaldehyde to give the donor set S2N3, rather than O2N3.
High-spin penta-coordination was again observed with these materials.
7 /:
X-ray diffraction studies on two nickel complexes with (saldpt)
77and (salMedpt) have shown the metal environments to have distorted 
trigonal-bipyramidal geometry, with two oxygen atoms and the central 
nitrogen atom in the equatorial plane and the other two nitrogen atoms 
in the axial positions. These two complexes differ only with respect 
to the ligands for in salMedpt a methyl group has replaced the proton 
on the secondary amine. While this is a small perturbation with respect
24
to the entire molecule, it appears that the introduction of this methyl
77group has a significant effect on some angles in Ni(salMedpt).
70 70
Other crystallographic studies, 9 have shown that Zn(CbPN).H20 
(where CbPN « NN *-bis{(2-hydroxy- 5-chlorophenyl) phenylmethylene}-4-aza- 
heptane-1,7-diamine), Zn(MbPN).H2O (where MbPN = NN,-bis{(2-hydroxy-5~ 
methylphenyl)phenylmethylene}-4-azalieptane-l,7-diamine), Ni(MbPN) and 
Cu(MbPN) are all five-coordinate with the central donor atom coordinated 
to the metal atom. The water molecules in the two zinc complexes are 
not coordinated to the metal atoms. The zinc complexes have trigonal- 
bipyramidal geometry while the copper and nickel complexes have a dis­
torted square-pyramidal geometry.
Cobalt complexes of potentially pentadentate Schiff base ligands
with the donor sets O2N3, O2N2S, O3N2, and O2N2P derived from salicyl-
80aldehyde and four different polyamines have been synthesized. On 
the basis of spectral and magnetic data, it has been found that where 
the donor sets are O2N2S and O3N2, the ether oxygen and thioether sul- • 
phur atoms are not coordinated and the complexes are high-spin and tetra­
hedral. High-spin, five-coordinate materials have been produced when 
the donor sets are. either O2N3 or O2N2P where the phenyl nitrogen or 
methyl phosphorous atoms are coordinated. Reactivity with oxygen in 
solution is rapid for the five-coordination compounds but considerably 
slower for the tetrahedral complexes.
81Recently the zinc(II), copper(II), nickel(II), and cobalt(II) 
complexes of the potentially pentadentate ligands H2CbPN, ILMbPN,' and 
H2CbPS (where H2CbPS = NN ’ -b isl( 5-chi oro - 2 -hydroxyphenyl) phenyl -methyl - 
ene}-4~thioheptene-l,7-diamine) and some Lewis base adducts (e.g., 
pyridine, and 2-, 3-, and 4-methylpyridine) have been isolated.
25
The spectral and magnetic data of these complexes indicates that all
are five-coordinate and square-pyramidal. Spectral data have indicated
that the adducts with heterocyclic Lewis bases, ML.Base ( M = Co(II),
Ni(II)), are octahedral with the Schiff base ligands (L) acting as
pentadentates. This has been confirmed by X-ray crystallographic data
obtained for {Ni(CbPS) .py} .m-xylene and { Ni (CbPS. 3-Mepy}. \ (3-Mepy) .
82It has been reported that in these two octahedral complexes, the 
pentadentate ligands have a square-pyramidal geometry around the metal 
ion with approximately linear N-Ni-N and O-Ni-O arrangements. The 
heterocyclic base occupies the sixth octahedral site, opposite the 
sulphur atom, and fie additional solvent is present in the crystal lat­
tice and is not coordinated to the nickel ion. The thioether group is 
coordinated to the metal (Ni-S, 2,47 A ).
83Hie crystal structure of Cu(CbPS) has been reported. Hie comp­
lex molecule contains the metal atom in a distorted square-pyramidal 
arrangement with the Cu-S bond directed toward the apex. The 02N2 
base of the pyramid is distorted so as to give some trigonal-bipyra- 
midal character to the geometry. This is in contrast with the inter­
pretation of earlier physical data on complexes containing the same
80type of thioether chain in the ligand (see page 24 ).
However, complexation with iron(II) was not attempted until very
84recently when Niswander and Martell reported the preparation and 
magnetic properties of Fe(X-saldpt).nH20 and Fe(X-salMedpt) ,nH20 
(where X = CH30- or N02 and n = 0.5 or 1). They have concluded that 
these compounds contain high-spin iron(II) and are stable in the solid 
state and the reactivity of these compounds toward oxygen is different
26
In the present work, the preparation and characterization of iron-
(II) complexes of the linear, potentially pentadentate ligands derived 
from salicylaldehyde and its substituted forms and 3,3’-iminobis(pro­
pylamine) and their nitric oxide complexes will be described.
1.2 Adducts of Bis(Salicylaldehydato)Iron(II)
Very little work has been reported on adducts of bis(salicylalde-
Q C
hydato)iron(II). Emmert and Jarczynski reported the 2:1 pyridine
adduct as blue-green prisms prepared under nitrogen. Later it was 
86shown that Fe(sal)2Py2 (sal = salicylaldehyde ; Py = pyridine) was
readily oxidized by air in methanolic or ethanolic solution. Nast and 
87Ruckemann found that gaseous nitric oxide reacts with a solution of 
Fe(sal)2Py2 methylene chloride at -78°C removing one molecule of 
pyridine and yielding dark-brown nitrosyl(pyridine)bis(salicylaldehydo) 
iron, Fe(sal)2Py(N0). They have reported a magnetic moment of 5.12 B.M. 
for the parent pyridine adduct. Rogers has reported the magnetic 
moments and Mossbauer data for different adducts of bis(salicylaldehyd- 
ato)iron(II). He has shown that all complexes obeyed the Curie-Weiss 
law with magnetic moments in the range 4.9-5.2 B.M.. He has also con­
cluded that the di-adducts were high-spin iron (I I) complexes with a 
tetragonally distorted octahedral symmetry and the monodentate ligands 
being in trans-positions (Figure 1.4). The colour of the complex and 
the Mossbauer data reported for Fe(sal)2(H20) 2 by Rogers are very simi-
r r
lar to the data reported by de Vries et al. for Fe(sal)2.
for different ligand derivatives.
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Evidence for coordinated water in the former complex is derived from
the great difficulty in removing the water molecules from the compound,
88and the known structure of Ni(sal)2 (H20)2.
88Schwarzhans has reported proton magnetic resonance data on the 
2:1 adducts of pyridine and picoline with cobalt(II), nickel(II), and 
iron(II) salicylaldehydato-complexes, which were chosen because these 
complexes have a simple ligand system in a pseudo-octahedral arrange­
ment and are readily soluble in organic solvents. The coordinated 
pyridine and picoline readily exchange with excess ligand and this 
facilitated the assignment of the resonance peaks. The structure of 
the bis(salicylaldehydato)bis(adduct)metal(II) complexes was reported 
as octahedral with the base adducts in a trans-configuration.
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Although many complex derivatives of the lanthanide and actinide
89-91ions have been described, the total number and types of known and
possible species are probably much less than those of the d-transition 
metal ions. However, there has been only a very limited effort made 
in the study of the interaction between Schiff base ligands and the 
lanthanide and actinide elements.
The Schiff bases, which were mainly derivatives of salicylaldehyde 
and primary amines, formed complexes in two ways. First, the phenolic 
hydrogen atoms were unionized and the base behaved as a neutral ligand, 
whilst in the second and better understood mode, the base reacted in the 
usual way as an anion.
The first synthetic work on lanthanides was carried out by Isobe 
92et al. using tris(salicylideneamino)tris-ethylenetetramine, and com­
pounds with composition LnL (where Ln = La, Pr, Nd, Gd and Er) were 
isolated and characterized by their i.r spectra.
93Yamada et al. . have synthesised lanthanide (III) chelates with 
various Schiff base derivatives from salicylaldehyde and different 
amines, but no further investigation has been made.
94The reactions of the Schiff bases NN,-bis(salicylidene)- 
‘1,3-propylendiamine (H2L) (Figure 1.5) and NN'-bis(salicylidene)- 
1,3-propylendiamine-2-olo (H2L?) (Figure 1.5) with lanthanide chlorides 
and nitrates have .been reported to give complexes with composition 
Ln(HL)2X3.nH20 (where n = 0,1 ; Ln - La-Sm), and Ln2 (HL)3X0 (where
Ln = Eu-Lu ; and X = Cl or N03) in cases were no alkali metal hyd-
1.3 Complexes of Lanthanide and Actinide Elements
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Hie reaction of the lanthanide ions with NN1-1,3-propylenebis-
94(salicylidQieimanatc)copper(II), CuL, has been reported to give com­
pounds of the formula (CuL) 2Ln(N03) 3 (where Ln = La-Sm) and (CuL)Ln- 
(N03)3.2H20 (Ln = Eu, Dy or Lu). In the case of the heavier lantha­
nides (Eu, Dy or Lu), because of their smaller ionic radius and regi- 
dity of the CuL complex (as ligand), only one CuL molecule coordinates 
to the lanthanide ion and so two water molecules are required to satu­
rate tile coordination sphere. These complexes were characterized by 
molar conductance, and electronic and infra-red spectra. It has been 
suggested that the neutral ligands and the CuL ligand act as bi-den- 
tate ligands coordinated through phenolic oxygen atoms to the lantha­
nide ions.
95The complexes formed between the lanthanide ions and the Schiff 
base N-salicylideneanthranilic acid (LH2) in the presence of pyridine 
gave the compounds {Ln(LH) 2(H20)C1}. These species are non-electrolytes 
In nitrobenzene and it has been suggested that the water molecule and 
the chloride ion are coordinated. The proton of the phenolic group 
cannot be removed by pyridine. The shape of the " hypersensitive " 
band in the visible spectrum (see page 89 ) of the neodymium compound 
suggests that these compounds are eight-coordinate.
96The reactions of some trivalent lanthanide nitrates with the 
potentially tetradentate Schiff base, {o-H0C6H4C(CH3):NCH2-}2, having 
the donor system HO-N-N-OH, in 1:2 molar ratio have been investigated, 
and yield derivatives of the type {Ln(SBH2)2}(N03) 3 (where Ln = La (111), 
Pr(III), Nd(III) or Sm(III) and SBH2 = Schiff base molecule). On the
roxide was added to the reaction mixture.
basis of infra-red spectra, moiar conductance, and magnetic suscepti­
bility, it has been suggested that the ligand is coordinated both
through oxygen and nitrogen atoms and the nitrate groups are not co­
ordinated.
97Very recently Bullock and Tajmir-Riahi have reported a systema­
tic investigation of the complexes formed by the hydrated lanthanide-
(III) chlorides and bromides with the potentially quadridentate ligands 
NN'- ethyl eneb is (salicylideneimine), (salenH2) ; NN'-propylenebis(sali- 
cylideneimine), (salpnH2) ; NN'-propane-1,3-diylbis(salicylideneimine), 
(salpdH2) ; and N N '-hexane-1,6-diylbis(salicylideneimine), (salhxntU) 
in their un-ionised form. The complexes have the general formula Ln- 
(LH2)C13.nH20 (Ln = La or Ce ; n = 0-2) ; Ln2(LH2) 3C16.nH20 (Ln = La, 
Ce, Pr, Nd, Sm, Gd, Ho, or Yb ; n = 0-2) ; Ln(LH2) ^ . n H ^ (Ln = La,
Ce, Pr, Nd, Sm, Gd, Ho or Yb ; X = Cl or Br ; n = 0-2) and Ln(LH2) 3-
X3.nH20 (Ln = La, Ce, Pr, Nd, Sm or Gd ; X = Cl or Br ; n = 0 or 1).
From spectroscopic and other evidence it has been suggested that the 
halide is coordinated to the metal ion except in the case of Ln(LH2) - 
X3.nH20 which is not certain, and the potentially quadridentate ligands 
are bidentate in these complexes with coordination taking place through
the azomethine nitrogen atoms and the un-ionized phenolic group are
98unco-ordinated. This conclusion is incorrect for the crystal struc­
ture determination on Ca(salpdH2)(N03) 2 shows coordination through 
oxygen with the ligand in a previously unreported zwitter-ionic form 
with the phenolic protons transferred to nitrogen.
Condensation of o-aminophenol with pyridine-2,6-dicarboxaldehyde 
gave the Schiff base 2,6-pyridinediylbis(N-hydroxyphenyldiamine),
SBH2 (Figure 1.6), which has been reacted with some lanthanides and 
actinides to afford M(SBH) (N03) 2(H20)n (n = 2, M = La, Ce or Y ; n = 1 
M = Pr, Gd, Er, Dy or Yb). The complexes Ce(SBH)(N03)3(H20)2, Th(SB)~ 
(N03)2(H20), and U02(SB) were also prepared. Although this Schiff base 
(Figure 1.6) has potentially five donor atoms, it has been pointed out 
that only a maximum of four atoms are sterically available for bonding 
to metal ions. These are the two phenolic oxygen atoms'and the two 
azomethine nitrogen atoms. In the case of In (III), Sc (III), V(III) and 
the lanthanide complexes of the general formula M(SBH)X2. (H20)n (where 
X = N03 or Cl and n = 1 or 2), the Schiff base behaves as the monoanion 
SBH . The unionized phenolic hydrogen is involved in hydrogen bonding 
as suggested by infra-red spectra (Figure 1.6). The hydrogen bonding 
may occur intramolecularly between the unionized phenolic hydrogen and 
the neighbouring azomethine nitrogen atoms. However, in this case, 
the monoanionic Schiff base behaves as a bidentate ligand bonded to the 
metal through the ionized phenolic oxygen and the neighbouring azome­
thine nitrogen atom. Therefore, it appears that the lanthanide species 
are seven- or eight-coordinate.
100Dutt and Nag have reported a new series of lanthanide metal 
chelates with tetradentate Schiff bases obtained from salicylaldehyde 
and ethylenediamine and o-phenylenediamine with general formula Ln2- 
(salen) 3 and Ln2(salphen) 3 respectively (where Ln = La, Pr, Nd, Sm,
Gd, Dy, Er and Yb). The cerium complex with H2salen has the composi­
tion Ce(salen)2. Many compounds of the former series are solvated and 
contain ethanol or water molecules. These compounds were characteri­
zed by thermal analyses and infra-red.spectra.
99
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Mixed ligand complexes of lanthanides (La, Pr, Nd and Sm) contain­
ing both a 3-diketone and bis (salicylaldehyde) ethylenediamine, (H2salen),
101have been isolated. By reacting tris-acetylacetonates and tris-pro-
pionylacetonates of the above lanthanides with the Schiff base in an
ammoniacal atmosphere, compounds of the type (Ln(diket) 2(salen);} were
2
obtained. By refluxing the tris-benzoylacetonates and tris-dibenzoyl- 
methanides with the Schiff base, a second type of compound of general 
formula {Ln(diket)(salen)} was also obtained. These compounds were 
characterized by their infra-red spectra.
102Agarwal and Tandon have isolated the 1:1 and 2:3 derivatives of 
La(III), Pr(III) and Nd(III) isopropoxides with the tetradentate Schiff 
base, ethylenediaminebis-2,4-pentanedione, {AA2(CH2) 2H2}, of composi­
tion Ln(o-i-C3H7){AA2(CH2)2} and Ln2{AA2(CH2) 2}3. Molecular weight deter­
minations showed that the 1 : 1  derivatives are dimeric, whereas the 2:3 
derivatives are monomeric in boiling benzene. It has been claimed that
the central lanthanide atom has a hexa-coordinate environment as reported 
101ealier in the derivatives obtained with ethylenediaminebis(salicyl- 
aldehyde), but this seems unlikely. The 1:1 derivatives have been shorn 
to undergo exchange reactions with an excess of tert-butyl alcohol by the 
following general equation:
Ln(o-i-C3H7){AA2(CH2)2} + tert-C4H90H — k
LnCo-t-Cj^ Hg) {AA2(CH2)2} + i-C3H70H
(where Ln = La(III), Pr(III) or Nd(III) and AA2(CH2)2~ is the anion of 
the Schiff base {AA2(CH2) 2H2}) .
103Also reported are the 1:1 and 1:2 derivatives of some lanthanide
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isopropoxides with monofunctional bidentate Schiff bases containing
fluorine such as 1,1 ,l-trifluoro-2,4-pentanedione-n-propylimine, (TFAH-
n-C3H7), and 1,1,l-trifluoro-2,4-pentanedione-n-butylimine, (TFAH-n-CqHg) ,
to give the complexes of general formula Ln(o-i-C3H7)o (TFA-R)?-n n
(where n = 1 or 2 ; Ln = La(III), Pr(III) and Nd(III) ; R = n-C3H7
or n-CqHg ; and TFA-R is the anion of the corresponding Schiff base, 
TFAH-R). The 1:1 derivatives have been reported to be dimeric. The 
dimerization probably takes place through bridging isopropoxy-groups 
giving a penta-coordinated environment to the both metal atoms, but 
this is unlikely. The product of 1:2 molar reaction was found to be an 
equilibrium mixture of the monomeric and dimeric species.
The formation of complexes between bis (vanillin)benzidine and lan­
thanide ions of formula [Ln{bis(vanillin)benzidine}2.H20]Cl.H20,
(where Ln = trivalent lanthanide ions except Pm) has been reported.
These complexes have been studied by infra-red spectroscopy and molar 
conductance.
105Several complexes of the trivalent lanthanide ions with the 
tetra-dentate Schiff base CsHitN-C^NC^C^NiCH-CsHqN, L, with the gene­
ral formula LnLX3 (where X = Cl, N03, CNS or 2-0H-CeH5C0Q ; and 
Ln = La-Lu and Y) have been prepared and characterized. The crystal
1 Oftstructure of Gd(L)(N03) 3 also has been reported. Gadolinium(III) is
surrounded by ten donor atoms, all three nitrate ions being bi-dentate 
and all four nitrogen atoms of the ligand are coordinated to the metal 
ion.
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Complexes with tetra-dentate ligands such as the Schiff base NN’-
ethyl enebis (salicylideneimine) , (salen), with the dioxo-uranium(VI) ion
1 0 7were first prepared by Pfeiffer et al. in 1937. Later U(IV) (salen) 2
was reported without any characterization. "^ 8 Selbin and Ortego*^
prepared this compound in good yield (80%) by a different method from
108that reported before. They found that U(IV)(salen) 2 is an anhydrous 
and very stable compound toward either decomposition or-aerial oxidation, 
both in the solid state and in solution. They also reported that this 
compound exhibits zero conductance in nitrobenzene. On the basis of the 
infra-red spectral data they concluded that the compound is eight-co- 
ordinate.
Some mixed salen complexes of uranium(IV) of formula U(salen)X2
(X = Cl2, acetylacetonato, dipivaloymethanato, N-methylsalicylidene-
110 111iminato and dibenzoylmethanato) are reported. * Chemical and mass
spectrometric data are used for supporting monomeric structures for
110these complexes, Calderazzo et al. have proposed that in these mono­
meric mixed complexes the uranium atom attains its usual eight-coordi­
nation, and the salen donor atoms may have a substantially planar arrange-
112ment. Two years later this was confirmed by determination of the 
molecular structure of U(salen)Cl2.2THF by X-ray diffraction methods.
The uranium atom was shown to have dodecahedral coordination; the metal 
atom and the four donor atoms of the salen lying approximately in a 
plane, which is perpendicular to the plane containing the chlorine and 
the oxygen atoms of the THF rings. From the X-ray diffraction data 
they concluded that the complexes M(salen) 2 and M(salen)Cl2.2THF ( M =
U, Th) are closely related. This suggests that the structure of 
U(salen) 2 is probably based on two interpenetrating salen units, result-
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ing in an approximately dodecahedral geometry.
The preparation and properties of the compounds M(salenH2)Cl4,
MCsalpropenH^Cl^, M(salen)Cl2, M(salen) 2 and M(salpropen)2 (where M =
113U or Th) have been reported. On the basis of infra-red spectra in 
the cases of the MLClq complexes (where L = Schiff base) it was suggest­
ed that the ligand (L) acts as a bi-dentate donor and the coordination 
is only through the nitrogen atoms of the azomethine groups, but when 
the ligand is fully ionized the coordination is both through oxygen and 
nitrogen atoms (MLC12 and ML2 types of complexes).
114Very recently the preparation and characterization of some 
uranium(IV) and thorium(IV) complexes of tetra- and bi-dentate Schiff 
bases derived from sal icylaldehyde of the general formula M(salen)2, 
M(salphen) 2 and M(N-Rsal)!+ (where N = alkyl group) have been reported.
115The synthesis and molecular structure of NN?-o-phenylenebis- 
(salicylideneiniinato)U02 (Et0H) have been reported together with infra­
red spectra and relative stability data for similar complexes. The 
uranyl group is surrounded equatorially by an irregular pentagon deriv­
ed from two oxygen and two nitrogen atoms of ( salphen ) and by the 
oxygen atom of ethanol. The ethanol coordinated to the uranium atom 
undergoes substitution reactions with monodentate ligands such as py­
ridine, aniline, dimethyl sulphoxide and triphenylphosphine oxide under 
mild conditions.
Few X-ray diffraction studies of tetra-dentate Schiff base comp­
lexes of dioxouranium(VI) have been reported. In the crystal and mole- 
116cular structure of NN'-ethylenebis (salicylideneimine)U02(MeOH), which
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was found to be monomeric, the uranium atom has a coordination plane 
consisting of four donor atoms of the Schiff base ligand and the oxy­
gen atom of a methanol molecule, forming a slightly irregular pentagon. 
The uranyl group is linear within experimental error (179°) and sym­
metrically located with respect to the coordination plane.
i
117Hie X-ray structure analysis of the potentially tri-dentate 
Schiff base, methylaminesalicylaldimine, L, with dioxouranium(VI), 
U02L2, has shown that each uranium atom is in a pentagonal-bipyramidal 
environment. Two oxygen and three nitrogen atoms form the base of the 
pyramid and the uranyl oxygens occupy the apical positions. In the 
structure of this complex therefore two different modes of ligand co­
ordination within the same molecule were present; one of the ligands 
acts as a tri-dentate and the other as a bi-dentate ligand, coordina­
ting through the phenolic oxygen and azomethine nitrogen atom whilst 
the nitrogen atom of the amine remains non-coordinated in this ligand.
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CHAPTER TWO
LANTHANIDE AND ACTINIDE COMPLEXES
38
The main object of the work is to prepare some Schiff base (deriv­
ed from salicylaldehyde) complexes of cerium(IV), thorium(IV), uranium-
(IV) and trivalent lanthanides, which might be soluble in low polarity 
organic solvents such as chloroform, so that molecular weights, conduc­
tivities, and nuclear magnetic resonance spectra could be measured for 
these complexes which might indicate structure.
For this purpose we introduced alkyl substituents into the ring 
and the aliphatic linkage between the nitrogen atoms (see Figure 1.1a).
At first different Schiff bases (Figure 1.1a) were used for the prepa­
ration of the cerium(IV) complexes. It was found that these complexes 
are all soluble enough in common organic solvents. The preparation 
method and the infra-red spectra of these compounds are very similar, 
but most of these complexes have rather complicated proton NMR spectrum 
even in the case of the ligand alone (see Figures 2.4-2.6 ). These 
•become even more complicated in the case of metal complexes (ses Figures 
2,7-2.10). The spectrum of t-BusalenH2 is the simplest. This is because 
in this ligand all protons in the t~butyl groups are equivalent and all 
protons in the methylene group are equivalent also, since internal mo­
tion about the sp3 hybridised carbon atoms is possible in solution.
Because of the simplicity of the proton NMR spectrum of this ligand 
the work was continued with other metal ions only with t-BusalenH2.
The mode of coordination of the ligands and the structure and 
coordination numbers were investigated by infra-red and electronic spec­
troscopy, The neodymium complex exhibits an hypersensitive band in the
2.1 OBJECT OF THE WORK
visible absorption spectra and through this it may be possible to deter­
mine coordination numbers.
By X-ray powder photography isomorphism could be investigated.
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The lanthanides are the fourteen elements following lanthanum in 
which 4f electrons are added to lanthanum configuration, as shorn in 
Table 2.1. A similar addition of 5f electrons starts after actinium 
(Table 2.2).
The 4f elements and lanthanum and the 5f elements and actinium 
are closely related in their chemical properties and because of this 
are called lanthanides and actinides. Table 2.1 and Table 2.2 present
some principal characteristics of the lanthanide and actinide atoms
. . 118 and ions.
The 4f electrons are not always added regularly from cerium to 
90lutetium (see Table 2.1), although there is a tendency for the elec­
tron to enter the 4f shell rather than the 5d shell, It Is established 
that the 4f shell is half filled [4f?]at europium and filled [4f14] 
at ytterbium.
2.2.1 Oxidation States
All the lanthanides, as well as scandium and yttrium, form tri-
3+ 2positive ions, M . The tripositive ions are formed by losing the 6s
lelectrons and either the 5d electron or a 4f electron.
Certain lanthanides exhibit variable oxidation states in solution 
and the solid state, such as +2, +3 and +4 (see Table 2.1). The +2 
and +4 states are alwnys less stable than the +3 state for a given 
element,
2.2 INTRODUCTION
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The most stable M and M ions are formed by elements that can
attain f°, f7 or f 14 configurations.118 Thus Ce + and Tb + attain the f°
2+ 2+and f7 configurations, respectively, whereas Eu and Yb have the f7
and f 14 configurations respectively. However, there are some exceptions,
2+for example, samarium and thulium give M species having f6 and f 13 
configurations but no M ions. Also praseodymium and neodymium give 
MIi+ ions with configurations f 1 and f2 but no penta- or- hexa-valent
2+ ju 2+ 2+species. The existance of Nd , f , and evidence even for Pr and Ce 
in lattices, demonstrates that although the f°, f7and f 14 configura­
tions have " special stability ” which is important in determining the 
existence of oxidation states other than (III) for the lanthanides, 
there are other thermodynamic and kinetic factors which are important 
in determining the stability of oxidation states.90
Oxidation states (II) to (VII) are known for the actinides, (see 
Table 2.2). The common oxidation state in the actinides is (III) and 
the behaviour is similar to the trivalent state in lanthanides. Thorium 
and other elements in the tetravalent state show some resemblances to 
both Hf(IV) and Ce(IV).
On comparison with the lanthanides, the actinides show a wide di­
vergence in oxidation states (Tables 2.1 and 2.2). The main differences 
between the lanthanides and actinides are the less effective shielding 
of the 5f electrons compared to the 4f ones in the lanthanides, and 
low binding energy of 5f electrons. The 5f electrons in the actinides
are less shielded due to the spatial projection of the 5f orbitals into
119the valence region.
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The tripositive state is not important before uranium. In aqueous
Q  J ,
solution Th does not exist. An increase in stability of the trivalent
state as atomic number increases is noted, whereas the higher oxidation
89 120states become increasingly less stable. There is some evidence
for the existence of thorium(II). Americium(II) is well established
14and nobelium appears to have a stable, 5f divalent state.
2.2.2 Coordination Numbers
The coordination numbers of some lanthanide and actinide compounds
are given in Table 2.3 and Table 2.4 respectively. Coordination numbers
higher than six for the lanthanides and actinides are generally observ- 
edo89,121,122
Indeed the number of lanthanide and actinide compounds in which 
the coordination number of 6 has been established is small ; many comp­
lexes that could have been so formulated are known to have solvent mole­
cules bound to the metal ion, leading to the common coordination numbers
7, 8, and 9, Compounds with coordination number from 6 to 12 have been
. , 90,123 reported. J
As a result of the lanthanide contraction, changes in coordination
118number through the series La-Lu are to be expected.
For actinide compounds in the trivalent oxidation state similar 
behaviour is found as the coordination number of 6 is rarely found, and 
higher coordination numbers are common (e.g. 9 in UCI3).
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Oxidation States and Coordination Numbers of Lanthanide Ions.
TABLE 2p3
Oxidation
State
Coordination
Number Examples
+2 6 SmO, Ybl2
8 SmF2
+3 6 Ln(L)3C13, Ln(L)6(CIO^ )3; Ln=La-Lu 
and L=hexamethylphosphoramide 
[LnXg] (X=C1, Br, I ; Ln=La-Lu)
7 Gd2S3 ; Y(PhC0C6HIfC0Me)3.H20
. 8 Y(acac)3.3H20 ; La(acac)3(H20) 2 ; 
Cs [Y(CF3C0CHC0CF3)t+]
9 [Nd(H20)9]3+ ; Y(OH) 3 ; La2(S0It)3. 
9H20 ; LaF3 ; MC13 (ta-Gd).
10 Ln(N03) 5
1 1 [La(H20)5(N03)3].H20
1 2 Ln(N03)g”
+4 6 Cs2CeCl6
8 CeCacac)^ ; (NH^CeFg ; Ce02
10 aCe(N03)if(0PPh3) 2
12 (NHtt)2 [Ce(N03)6]
a- Contains four bidentate N03 groups (Mazhar-ul-Haque et al./
Inorg. Chem., 10 , 115 (1971)}.
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Oxidation States and Coordination Numbers of Actinide Ions.
TABLE 2.4
Oxidation
State
Coordination
Number Examples
+3 8 PuBr3 ; [toCl2 (H20)6] +
9 UC13 ; AmClj
+4 6 UClg' , UClG(PEt3) 2
8 (EtiXKpCNCSJg] , Th02 , U02 , 
U (acac) 4 , (NHtf)2UF6
9 (NH4)2ThF8
10 M(tropolonate) 5 , M=Hi or U.
12 [Th(N03)6]2"
+5 6 UFg , «-UF5
7 3 “UFg
8 Na3MF8 (M=U,Np)
9 2_PaF7 in K2PaF7
+6 6 uf6 ; uci6
6-8 2.4*M02 complexes ( M=U,Np,Pu,and Am)
+7 6 Ba2NaNp06, Ba2LlNpOg
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Eight-coordination is especially a characteristic of the +4 oxidation 
state. An example is T}i(acac)if, which is isomorphous with the corres­
ponding uranium(IV) compound, and the structure is based on a slightly 
distorted square antiprism. Well-defined ten-coordination anions, 
(M(tropolonate)5} have been prepared for Hi(IV) and U(IV) . 1 2 4 >125
Although ions of the lanthanide and actinide elements are generally
of sufficient size to discourage coordination numbers of less than six
in the crystalline state, and indeed among complex compounds even hexa-
1 orcoordination is rare, Bradley et al. have reported the synthesis 
and characterisation of three-coordinate lanthanide complexes with the 
ligand bis(trimethylsilyl)amido, {N(SiMe3)2}7 These complexes are ra­
pidly decomposed by water and must be handled under anerobic and anhyd­
rous conditions. This is exceptional for the coordination chemistry of
the lanthanides and is due to the properties of the ligands. Four-co-
127ordination for a lanthanide ion has also been found for instance, 
in the compound tetrakis(tetrahydrofuran)lithium-tetrakis (2,6-dimethyl - 
phenyl) lutetiate, {Li (CqH80) 4} {Lu(C8F^) i+}.
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Nuclear magnetic resonance (NMR) spectroscopy is one of the most
attractive techniques for structural investigations of complex molecules.
The presence of a paramagnetic nucleus usually alters the position of
an NMR signal, and in fact the NMR spectra of paramagnetic transition
metal complexes in solution are characterized by large shifts in the
resonance frequencies of the ligand nuclei either upfield or downfield
from the frequencies in a diamagnetic environment. NMR techniques are
readily applied to diamagnetic metal ions such as Y3+, La3+, Lu3+, Ce***, 
4+and Th ions, but the structural information is limited. For paramag­
netic d-block ions, broadening is usually observed which makes assign­
ment more difficult, but for f-block elements this broadening is rela­
tively unimportant in some cases.
128The isotropic shift arises from two different interactions, known 
as " contact or scalar M and M dipolar or pseudocontact " interaction, 
and the total observed isotropic shift, Av^ gQ* is the algebraic sum of 
the shifts caused by these two mechanisms, i.e.,
Aviso Av(contact) + (pseudocontact) . (2*1 )
The contact and pseudocontact shifts often appear simultaneously in the
spectrum of a complex, making the absolute interpretation of the isotro-
129pic shift difficult. The pseudocontact shift for the same sample can
be different whether it is a solid or in solution, while the contact - 
shift is independent of the state of the sample. This difference can be 
used to distinguish the pseudocontact from contact shift.
2.2.3 NMR Spectroscopy of f-Element Complexes
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For the sake of better understanding, it would be wise to discuss 
these two mechanisms briefly.
1- Contact interaction:
The contact shift, Avcontact, is directly proportional to the amount 
of unpaired electron spin density that is " in contact 11 with the reso­
nating nucleus under study. These shifts can give information relating
to the extent of covalent bonding and to the mechanisms of cr- and ir-
130electron density delocalization in the paramagnetic species. For 
complexes which are magnetically isotropic, such as octahedral Ni(II) 
and tetrahedral Co (I I), the contribution from Av . , is dominant and
AxJpseudocontact “ The coirtact effect can be described for a  proton,
by:-
Ai gavBe vc r tS+U
A v  5~r ~   C2.2J
n^-8n ■ 3KT
Where is the electron spin_nuclear spin coupling constant of the ith
proton, g and g^  are the average g values and nuclear g factor res- av mm e
ehpectively. is the Bohr magneton —2~  , m and e are the mass and
ccharge of the electron respectively, h is Plank's constant divided by 
2n, c is the velocity of light, S is the electron spin quantum number,
K the Boltzmann^  constant, T temperature, Av the isotropic contact shift 
for the paramagnetic species, and vQ the frequency of the'resonance.
In the case of lanthanide complexes the unpaired electrons are in 
118shielded 4f orbitals, so delocalization onto the ligands is very 
small, hence frequency shift caused by contact interaction is very small. 
In these complexes dipolar interaction is dominant which will be describ­
ed in the next section.
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The dipolar interaction between the nucleus in question and the elec­
tron spin magnetization can produce a pseudocontact shift in the NMR spec­
trum. The pseudocontact shift is caused by a through-space interaction 
and can be interpreted in terms of the geometric structure of the comp­
lexes. For a molecule with tetragonal symmetry in solution, such as 
nickel(II) complexes, the pseudocontact shift, Av , is given by
J j g ,  = .1) J  [ ?5 y ^ n ] £Cg|L , g j , .  ) (2 .3 )
Where 3 , S, K and T have the same meaning as before, r is the separa­
tion vector of the nucleus and the unpaired electron, 0 is the angle made 
by the vector r and the principal molecular symmetry axis, and f(gj{ ,gj_) 
is a function of the anisotropy of the g tensor.
As can be seen from equation (2.3), the expression C° Sr 3 7
called the " geometric factor ", is dependent upon both the distance, r,
that the proton in question is from the unpaired electron and the angle
0 between the distance vector and the molecular axis. Therefore one can
easily conclude that, if the interaction is predominantly pseudocontact,
the magnitude of the isotropic shift is inversely proportional to the
cube of the distance, r, from the metal ion, provided the angle term is
regarded as constant. This is not always the case, and the variation of
the angle, 0, need not be negligible. In certain cases the angle 11 0 11
may be sufficiently large that the direction of " normal shift " is re- 
131versed, A plot of the ( 3 cos2o - 1 ) term against angle, Figure 2.2^
shows how the pseudocontact shift can be varied from positive to negative
131as the angle is altered.
2- Pseudocontact interaction :
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However, although most reports of isotropic shifts observed in the
132-134spectra of lanthanide complexes consider them to be pseudocontact,
there is little evidence that true contact shifts are necessarily absent.
Even if the shift for a given species is largely pseudocontact, easily
observable contact shifts should be present with as little as 1 % covalency
129in the cation- 1 igand bond.
2FIGURE 2.2 The variation of 3.cos 0 - 1  with the angle 0.
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A very important development in proton NMR study has been the recent
135use of paramagnetic lanthanide complexes as " chemical shift reagents u.
Lanthanides are useful since the broadening of the spectrum is usually
small because of the nature of the 4f electrons. The complexes found most
useful in organic solvents are lanthanide acetylacetonate derivatives,
131some of which are fluorinated and exhibit greater shifting power, 
whilst hydrated salts are finding some use in aqueous solution.
The lanthanide ion can increase the coordination number by interaction 
with a second ligand. As a result of this interaction, the NMR spectrum 
of the additional ligand changes and large changes of chemical shift are 
observed for nuclei that neighbour the functional group. These spectral 
changes often separate normally overlapping NMR signals and greatly in­
creases the information obtainable from the spectrum. Recently the struc­
tures of very complex natural products have been determined in this way.
To date, mainly substrates which are monodentate e.g., complex alcohols, 
have been studied in detail. In the case of a bi-dentate ligand the 
angular and distance relationships would be much more complex. The mole­
cular and other axes would be difficult to define except by pre-knowledge 
of the X-ray structure. Recently complex systems have been investigated
-t *7 S’
by these methods and the crown-ether complexes are an example.
2.3.1 Preparation of the Ligands
The aldehydes were prepared by the Liggett and Diehl modification of 
137the Duff reaction.
(i) NN * -Ethylenebis (5-t-butylsalicylideneimine), [t-BusalenHp]
An ethanolic solution of ethylenediamine (0.5 mol) was added to a 
boiling ethanolic solution of 5-t-butylsalicylaldehyde (1.0 mol). The 
yellow solid which immediatly precipitated was filtered off and recrys­
tallized from 96% ethanol. The yellow' crystals were dried (CaCl2) ; 
m.p. = 169-170°.
Found : C 75.63 % H 8.44,% N 7.39 %
Calc, for C2l+H32N202 : C 75.79 % H 8.42 % N 7.36 %
(ii) NNl-l>2“Propanebis(5-t-butylsalicylideneimine), [t-BusalpnHg]
5-t-Butylsalicylaldehyde was condensed with 1,2-propanediamine in 
ethanol as in (i). The yellow product was recrystallized from 96% ethanol 
and dried (CaCl2). ; m.p. = 127-128°. .
Found : C 75.88 % H 8.79 % N 6.99 %
Calc, for C25H34N202 : . C 76.14 % H 8.63 % N 7.11 %
2.3 EXPERIMENTAL
(iii) NN} -Ethylenebis (5-t-amylsalicylideneimine) , ft-AmylsalenHj]
5-t-Amylsalicylaldehyde was condensed with ethylenediamine as in (i).
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The product was recrystallized from 961 ethanol. The yellow crystals 
were dried (CaCl2) ; m.p. = 105 °.
Found : C 76.44 % H 9.05 % N 6.96 %
Calc, for C26H36N202 : C 76.47 % H 8.82 % N 6.86 %
(iv) NNf -1,2-Propanebis (5-t-amylsalicylideneimine), [t-AmylsalpnH ?]
5-t-Amylsalicylaldehyde was condensed with 1,2-propanediamine as in 
(i). The yellow product was recrystallized from 96% ethanol and dried 
(CaCl2).
Found : C 76.10 % H 9.27 % N 6.78 %
Cacl. for C27 I^ 8N202 : C 76.77 % H 9.00 % N 6.64 %
(v) NN'-l,2-Propanebis(5-sec-butylsalicylideneimine) f sec-BusalpnH2 ]
5-Sec-butylsal icyl aldehyde was condensed with 1,2-propanediamine in
(i). The yellow product was recrystallized and dried (CaCl2).
Found : C 75.99 % H 8.88 % N 6.79 %
Cacl. for C25H3lfN202 : C 76.14 % H 8.63 % N 7.11 %
2.3.2 Preparation of Caesium Hexachlorourariate(IV), Cs2UClR.
A uranium(IV) chloride solution was prepared by dissolving uranium 
metal in concentrated hydrochloric acid. The resulting green/black 
solution was filtered to remove unwanted oxides of uranium. The stoi­
chiometric quantity of caesium chloride was added to the green U(IV) 
solution and hydrogen chloride gas was bubbled through the solution until
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the pale green crystals of Cs2UCl6 precipitated. Passage of HC1 was 
continued until no more crystals precipitated. The crystals were washed 
with acetone and dried.
2.3.3 Preparation of the Uranium(IV) Complex of t-Busalen.
This complex was obtained by the addition of small portions of CS2UCI6
(0.5 mmol ; 0.72 g), prepared as in 2.3..2, to a boiling and stirred
solution of ligand (1 mmol ; 0.76 g) in acetone (A.R., 70 ml). Ammonia 
gas was passed through the solution for a period of about 20 mins.; the 
solution was kept on steam bath for a time. A white precipitate, which 
was probably CsCl, appeared. This was filtered off and the remaining 
solution was kept cold overnight. A brown precipitate was obtained which 
was filtered off and washed with cold acetone and dried (CaCl2 ). 
Analytical results are given in Table 2.5. This complex is soluble in 
most organic solvents.
2.3.4 Preparation of Schiff base Cerium(IV) and Thorium(IV) Complexes
The Ce(IV) and Th(IV) complexes with Schiff bases (see Figure 1 .1  A) 
were obtained by addition of a solution of the metal ion salt (ammonium 
eerie nitrate, and thorium nitrate hexahydrate) (2.5 mmol) in dimethyl- 
formamide (7 ml) dropvrise and with stirring to a boiling solution of
ligand (5.0 mmol) in absolute ethanol (75 ml). Ammonia gas was passed
through the solution in a slow but steady stream for a period of 'about 
20 mins, After leaving the solution in the cold overnight, dark red 
crystals for the cerium (IV) and pale yellow crystals for the thorium(IV)
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complexes were obtained. These were filtered off, washed with ethanol 
and dried (CaCl2).
Analytical results are given in Table 2.5.
’ TABLE 2.5
Analytical Data for Tetravalent Metal Ion Complexes.
Complexes C H N . Metal
Ce (t-Busalpn) 2 Found % Calc. %
64.06
64.93
6.94
6.93
6.36
6.06
14.82
15.15
Ce (t~Amyl salen) 2 Found % Calc. %
65.31
65.55
7.12
7.14
5.85
5.88
14.93
14.70
Ce (t-Amylsalpn) 2 Found % Calc. %
65.83
66. 12
7.35
7.34
5.58
5.71
14.21
14.28
Ce (sec-Busalpn) 2 Found % Calc. %
64.36
64.93
6.90
6.93
6 . 1 2
6.06
15.00
15.15
Ce (t-Busalen) 2 Found % Calc. %
64.17
64.28
6.76
6.70
6.25
6.25
15.77
15.62
Th (t-Amylsalpn) 2 Found % Calc. %
59.07
60.45
6,68
6.72
5.78
5.22
21.48
21.64
Th(t-Busalen) 2 Foumd % Calc. %
58.16
58.30
6 . 1 1
6.07
5.68
5.67
23.49
23.48
U(t-Busalen)2 Found % Calc. %
57.83
57.95
6.08
6.04
5.61
5.63
-
f All the compounds were prepared for the first time in this 
work.
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Hydrated lanthanide nitrates or chlorides (2 mmol) were dissolved in
100ethanol (40 ml) and heated on the steam bath. This solution was added 
dropwise with vigorous stirring to a boiling solution of ligand (t-Busal- 
enH2 ) (3.2 mmol) in ethanol (60 ml), (if swrift addition is made a yellow 
precipitate appears which dissolved only with difficulty). If any pre­
cipitate appeared it was dissolved by continuous stirring. When the addi­
tion was complete,, the mixture was removed from the hot plate and ammonia . 
gas was passed slowly through the vigorously stirred solution for a period 
of 20 mins. A precipitate of the metal complex appeared ; this was kept 
for a time on the steam bath, and then removed, filtered, washed with hot 
ethanol to remove any unreacted ligand, and dried (CaCl2).
The analytical data are given in Table 2.6. The lanthanum (111) complex 
could not be prepared by this method ; the others were prepared for the 
first time in this work.
TABLE 2.6
Analytical Data for Trivalent Lanthanide Complexes«
2,3.5 Preparation of some Trivalent Lanthanide Complexes of t-Busalen.
Complexes C H N Metal
Pr2(t-Busalen) 3 Found % Calc. %
60.82
61.02
6.37
6.36
5.94
5.93
20.37
19.92
Nd2(t-Busalen) 3 Found % Calc. %
59.87
60.76
6.27
6.33
5.52
5.90
19.95
20.25
Sm2(t~Busalen) 3 Found % Calc. %
58.80
60.21
6.24
6.27
5.79
5.85
20.56
20.95
Eu2 (t-Busalen) 3 Found % Calc. %
60.04 
• 60.08
6.33
6.26
5.82
5.84
20.86
21.14
Gd2(t-Busalen) 3 Found % Calc. %
58.74
59.66
6.27
6,22
5.97
5.80
21.02
21.69
Ho2 (t-Busalen) 3 Found % Calc. %
58.89
59.02
6.22
6.15
5,80
5.74
22.06
22.54
2.4.1 Complexes of Cerium(IV) , Thorium(IV), and Uranium(IV)
2.4 RESULTS AND DISCUSSION
(i) Molecular Weight and Molar Conductivity Measurements
Molecular weight measurements for the Ce (t-Busalen) 2 compound in 
chloroform solution gave molecular weights of 733, 707, 793, and 722 at the
concentrations of 1.10  ^10 3 mol.l 1, 1.27 * 10 3 mol.l 19 2.26 x 10
-1 —3 -1mol.l and 3.72 * 10 mol.l respectively. These results indicated
that the complex is a monomer in chloroform and the molecular weight
does not change very much with changing concentration, (theoretical
molecular weight for Ce(t-Busalen) 2 = 900). The lower values may
indicate some dissociation,
- 3The molar conductance values in chloroform at concentration of 10 M 
and at 25°C for the Ce (t-Busalen) 2 and the Th(t-Busalen) 2 compounds were 
too small to be measured indicating that these complexes are not ionised 
in solution (but see above).
(ii) Infra-red Spectroscopy
Table 2.7 shows the significant i.r frequencies for the free Schiff 
bases and the complexes along with the appropriate assignments.
The free ligands show a band in the 2730 cm 1 region assigned to the 
OH stretching vibration modified by the intramolecular OH— N hydrogen 
bond, In the complexes no bands are present in this region because of 
the ionisation of the ligand and the formation of chelates.
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In fra-red  Frequencies o f  the Ce(IV), Th(IV) and U(IV) S c h iff  base 
Complexes, (cm“ 1 )
Complexes v (OH) v(C=N) v(C=C) v(C-O) v(M-N)
TABLE 2.7
t-BusalenH2; 2730
t-BusalpnH, 2720
t-AmylsalenH2 2710
t-AmylsalpnIl2 2720
sec-BusalpnH2 2730
Ce(t-Busalen) 2 
Ce (t-Busalpn) 2 
Ce (t-Amylsalen) 2 
Ce (t-Amylsalpn) 2 
Ce(sec-Busalpn) 2 
Th(t-Amylsalen) 2 
Tli(t-Busalen) 2 
U(t-Busalen) 2
1635 1585 1290
1637 1590 1290
1630 1580 1278
1630 1590 1285
1635 1580 1290
1627 1540 1305 530
1622 1535 1305 525
1628 1540 1305 532
1620 1535 1290 525
1625 1540 1302 528
1625 1540 1300 525
1625 1540 13 10 528
1625 1540 13 10 528
A strong band found fo r  the fre e  ligands a t ~1635 'em" 1 1 1 3 , 1 3 8 - 14 1
and assigned to a C=N stretch in g  v ib ratio n  is  observed a t 1627-1625 cm" 1
in  the metal complexes. This band in  complexes containing un-ionised
97 113S c h if f  bases shows a s h i f t  towards higher frequency. * In other
cerium complexes with ionised bases th is  frequency a lso  decreases in  
142energy.
The band in  the 1540 cm 1 region may be assigned to aromatic C=C 
v ib ra t io n s ,4*^
The band due to the phenolic C-0 stretching v ib ratio n  a t 1290 cm" 1 
in  the free  .ligand is  sh ifted  between 10-20  cm- 1  towards higher frequency 
in  the complexes. Analogous behaviour has been observed fo r several 
complexes o f sim ila r S c h if f  b ases.H 3> 140 ,143-146
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A lowering o f the C=N stretch in g frequency in  the chelates compared
to the fre e  ligand would be expected, indicating le ss  double bond charac- 
1 1 3t e r .  The v ib ratio n  o f the phenolic C-0 bond shows a s h if t  to higher 
frequencies in  moving from a hydrogen-bonded structure to a metal-bonded 
stru ctu re . Sim ilar resu lts^^5 ’ ^ 0 ’ ^ 5 ’ ^^  ^ have been found fo r metal comp­
lexes which are known from crysta llo grap h ic  evidence to contain coordina­
ted phenolic oxygen and azomethine nitrogen atoms.
145The sodium s a l t ,  Na2(sa len ), shows increase in  the C=N and C-0 
stretch in g  v ibration s in  comparison to the free  ligand. Here, the C=N 
stretch in g  frequency increases from 1637 to 1673 cm- 1  and th is  could be 
the "  normal ”  position  o f the C=N vibratio n  o f a non-hydrogen bonded, 
non-coordinate cl azome thine group. However, the ion isation  o f the 
phenolic group could i t s e l f  change the C=N vib ratio n . Sim ilar arguments 
could be applied to the C-0 v ib ratio n  as the C-0 stretch in g frequency 
increases from 1280 to 1348 c e i " 1 in  Na2(salen ) 0
The strong band at about 530 cm 1 could be assigned to the M-N s t r e t -  
1 1 3ching vibration.,
148
( i i i )  Proton N.M.R Spectra
The proton NMR data o f the ligands and the metal complexes o f Ce(IV), 
Th(IV) and U(IV) are summarized in  Table 2 .8 , Table 2.9 and Figures 2 .3 -  
2 . 1 3 .  A ll  the chemical s h ift s  are in  parts per m illion  (ppm) downfield 
from IMS,
As can be seen from Table 2 .8 , and Figure 2 .3 , the methylene (N-CH2-) 
and azomethine (CH=N) protons in t-BusalenH2 resonated at 3.9 and 8 .3  ppm
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re sp e c tiv e ly . The sharp peak at 1 .2 7  ppm could be assigned to protons 
o f  two t-b u ty l groups.
- The rin g  protons resonate between 6.82-7.39 ppm. Each proton at 
p o sitio n  1  on the rin g  (Figure 1 . 1 a) is  ortho-coupled with the proton at 
p o sitio n  2, which gives r is e  to a doublet (6.82 and 6 .9 1 ppm). The 
proton a t position  3 i s  meta-coupled to the proton a t position  2 giving 
a doublet at 7 .17 . and 7.20 ppm. The remaining rin g  proton a t  position  2 
i s  ortho-coupled (to proton 1)  and meta-coupled (to proton 3) which gives 
r is e  to the expected four lin e  spectrum (at 7 .26 , 7 .29 , 7.36 and 7.39 ppm), 
As u su al, para-coupling (proton 1  and 3) is  not observed, except as broad­
ening o f  the resonances associated  with proton 1 .  The coupling o f ortho-
protons i s  u su ally  greater than meta-coupling which in turn is  greater
148than para-coupling as shown below (also see Table 2 .8 ) .
ortho 7 to 10  Hz
meta 2 to 3 Hz
para 0 to 1  Hz
A broad peak at 12 .9 7  ppm indicates a proton ; th is  resonance i s  
derived from the hydrogen-bonded -OH protons on the rin gs.
I t  i s  known that a lk y l substituents in  the ethylene group linking the 
a ry l rin gs have a marked e f fe c t  on s o lu b ility . Also salpnH2 i s  a liq u id 143  
at room temperature. Ligands o f  th is  type were thus a ttra c t iv e  to the 
present in vestigation  but the NMR spectrum o f such ligands contain a large 
number o f bands (see below).
In the spectrum o f N N *-1,2-propanebis(5-t-butylsalicylideneim ine),
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(t-BusalpnH 2) , (see Figure 2 .4 ) , the two resonances at 1 .3 4  and 1.4 0  ppm 
are caused by the -CH3 group (a) attached to the -CH-CH 2 - group and the 
doublet a r ise s  from coupling o f these -CH3 protons to the proton o f -CH 
group. Between 3.58 and 3 .9 1  ppm there is  a group o f broad peaks, and i t
i
i s  suggested that these are due to protons o f  -CH2-CH- group attached to 
nitrogen atoms. The peaks at 8.30 and 8.34 ppm are caused by azomethine
protons (-CH=N-) and the s p lit t in g  is  because o f the asymmetric carbon
atom a t p o sitio n  (b ), which makes the two azomethine protons non-equiva­
len t (Table 2 .9 ) .
Thus i t  i s  u n lik e ly  that these asymmetric ligands w il l  o ffe r  advan­
tages with respect to the sp ectra l in vestigation s even though the solu­
b i l i t i e s  o f  the ligands and th e ir  complexes in non-polar solvents might 
be considerably enhanced.
For the t-amyl group in  t-amyl salenH2, a seven band spectrum is  ex-
a 1 c * b ’pected from (- CH3) 2- f -  CH2- CH3) consisting, o f  a s in g le t  (protons a ?) ,
a t r ip le t  (protons bf ) and a quartet (protons c 1) and th is  was observed 
(Tables 2.8 and-2.9 , Figures 2 .5  and 2 .6 ) . Thus the spectrum near 1  ppm
is  more complex than that observed fo r  a t-b u ty l substituent and since
t-amyl o ffe rs  no marked advantage, further in vestigation s o f th is  type o f 
substituent are u n lik e ly  to be f r u i t f u l ,  although the re s t  o f the spec­
trum was no more complex than that o f t-butylsalenH 2„
The spectra o f the complexes and the free  ligan d s, which contain the 
-(CH2) 2- bridge, apart from the s h i f t  o f the peaks, are s im ilar (see below), 
with no lin e s  observed in  the spectra o f the complexes which coul'd be 
assigned to free  ligands ; th is  could confirm that the complexes are mono­
meric and not ionized in so lu tion . The same re su lt  was found from mole­
cu lar weight and molar conductivity measurements o f Ce(t-Busalen)2 .
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Polymeric structures should show more complex pattern s, since the magnetic 
f ie ld  experienced by bridging ligands would not be the same as fo r terminal 
ligands (see la t e r ) .
The s in g le t  methylene and azomethine resonances o f  the free  ligands 
are sh ifted  re sp ective ly  to 4.46 and 8.46 ppm fo r the cerium complexes and 
to 4.20 and 8.25 ppm fo r the thorium complex on coordination. A ll the 
methylene protons are equivalent in  the complexes which is  probably caused 
by the f l e x ib i l i t y  o f the N-OC-N system.
The s im p lic ity  o f the spectrum suggests that both nitrogen atoms o f 
the ligan d  are equivalent and probably coordinated and the absence o f the 
-OH proton resonances in  the spectra o f the complexes indicated that both 
phenolic groups are ionized and so the metal atom thus a tta in s a coordi­
nation number o f eigh t.
Hie rin g  protons are sh ifted  a l i t t l e  downfield with respect to the 
free  ligand. The methylene protons are c lo se st  to the metal ion since 
the observed s h if t s  are the g rea test.
The coupling constants are not the same in  a ligand and i t s  metal 
complexes because the electron  density i s  a ltered . Hie coupling constants 
are almost constant in  a l l  complexes, (see Table 2 .8 ) .
CH3
In the ligands and the complexes with a -CH2~CH- bridge, there is  no
*
long range coupling between C* (active) and ring protons. However, the 
azomethine ( -CH=N) protons are no longer equivalent, and fo r  the protons 
o f  tCH2-CH- group very broad peaks can be seen (see Table 2.9 and Figures 
2.4 and 2 .6 ).
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For metal complexes o f ligands with an asymmetric carbon atom, each
149proton in  the a lk y l group and each aromatic proton shows two s ig n a ls .
The complex prepared from o p t ic a lly  in active amine contains approximately 
equal amounts o f a racemic [(+,+)] and [( - ,- )  ] and a meso [(->+)] forms.
The complex is  thus a mixture o f diastereoisom ers, and each o f these iso ­
mers has i t s  own NMR spectrum , although internal ro tation  could sim p lify  
the spectra.
The NMR spectrum o f the uranium complex is  d iffe re n t  from the spectra 
o f the Ce(IV) and Th(IV) compounds, which is  due to the paramagnetic pro­
p e rtie s  o f uranium(IV), (5 f 2) .
For the rin g  protons, meta coupling o f proton 2 to proton 3 i s  not 
observable, but meta coupling o f proton 3 to proton 2 i s  observable,, leading 
to a .6- lin e  spectrum fo r the protons on the rin gs. The resonances o f 
these protons are sh ifted  downfield in comparison to the diamagnetic comp­
lexes o f Ce(IV) and Th(IV). I t  can be seen from Table 2.8 (and Figure 
2 .13) that the c lo se r the proton i s  to the metal ion the greater i s  the 
downfield s h if t .  Therefore one can conclude that pseudocontact s h if t  makes 
a considerable contribution to the iso tro p ic  s h if t  o f  these protons. 
Presumably some broadening occurs such that the meta-coupling o f proton 
2 to proton 3 i s  not observable.
The sharp peaks a t 3.74  and 1 1 . 1 5  ppm downfield from TMS are due to 
the t-b u ty l and azomethine protons re sp ective ly . These peaks a lso  have 
sh ifted  downfield by about 2.5 ppm in  comparison to the same protons in 
the ligand and the Ce(IV) and Th(IV) complexes.
A ll the methylene, -CH2-CH2- ? protons experience the same environment
73
because o f the f l e x ib i l i t y  o f the -N-C-C-N- system. This conclusion has 
been reached by observing a sharp sin g let peak fo r these protons. A study 
o f the nature o f the s h ift s  o f these protons is  in terestin g . These protons 
resonate at -37.47 ppm u p fie ld  from TMS (see Figure 2 . 1 3 ) ,  which corres­
ponds to a s h if t  o f -4 1 .0  ppm in  comparison with the ligand. For l ik e ly  
molecular stru ctu res, these protons would be c lo ser to the metal ion than 
the other protons in  the complex. In other words the denominator o f 
equation (2 .3) i s  small causing a great s h if t .  As mentioned before 
(Figure 2 .2 ) , the angle, 0, fo r  these protons should be between 55° and
I 71
12 5 ° , so the geometric facto r (3 cos20 - 1)  has a negative sign , caus­
ing these protons to resonate u p fie ld . Once again th is  confirms that the 
pseudocontact in teratio n  has an important ro le .
The re su lts  fo r  U(IV) ind icate that proton magnetic resonance could 
be an important tool in  the in vestigatio n  o f in teractions o f ligands with 
uranium in  so lution .
(iv ) X-Ray Powder Patterns
Hie re su lts  o f X-ray powder photography are given in  Table 2 .10  and 
Figure 2 .14 .
As shown from the data, H i(t-Busalen) 2 was found to have an X-ray 
powder diagram su b stan tia lly  id e n tica l to that o f U (t-Busalen)2. The 
in fra-red  spectra are a lso  the same, and by considering the NMR r e s u lts , 
i t  i s  suggested that the two compounds are iso stru c tu ra l, presumably con­
tain ing an eight-coordinate metal ion.
Hie powder photograph o f the Ce(IV) complex is  not the same as those 
o f the Th(IV) and U(IV) compounds.
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TABLE 2.10
X~Ray Powder Photograph Data for Ce(IV), Th(IV) and U(IV) Complexes
Ce(IV) Complex Th(IV) Complex U(IV) Complex
d ( A ) ^  1 ^  d(A) I d(A) I
15 .0 0 vs 15 .0 0 vs 15 .0 0 vs
13 .5 0 s
12 .5 0 tt 12 .5 0 It
10 .50 it 10 .50 m
9,20 tt
8.20 vs 8.50 w 8.50 tt
7.80 s 7.75 s
7 .35 w 7.40 11
6.90 tt 7.00 tt
6.20 m 6.20 tt 6 .15 it
5.75 it 5.70 w
5.60 s
5.20 w 5.40 m 5.40 tt
5.00 s 4.90 w 5.20 w
4.75 m 4.80 s
4.60 w 4.50 tt 4.50 vw
4.20 vw 4.25 tt 4.30 w
4.00 w 4 .10 m
3.90 It 3.90 tt
3 .75 w 3.70 it 3.75 it
3.50 tt 3 .50 w
3.40 vw 3.40 vw
3.25 II 3.20 vw 3,25 w
3.05 w 3.05 tt 3.00 tt
2.95 w 2.90 ft
2.85 vw 2.85 tt
2.70 ft
2.60 vw 2,65 m 2.67 ft
2.58 vw
2.45 n 2.49 ii 2.45 It
2 .32 ft 2.35 vw 2.30 1!
2.29 tl
2.20 tt 2.20 ft
2 . 1 0 it 2 .13 tt 2.09 It
2.00 11 1.9 9 tt 2.02 tt
1.9 5 t?
1 . 8 8 ii 1 ,9 0 tt
1 .8 3 w 1.8 0 w
1.7 7 It
1 .7 5 If
s = strong, m = medium, w = weak, vw = very weak, 
(a) d~spacing ; (b) R elative  in ten sity
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A nalysis (Table 2.6) o f the products o f reaction o f t-BusalenH2 with 
some tr iv a le n t  lanthanide ions show that in teraction  occurs in  the 3 :2  
molar ra t io  giving products o f em pirical composition (C2qH3oN202) 3M2.
This involves the ion ization  o f the phenolic hydroxyl groups on each o f 
the ligan d s.
A ll  these compounds are pale yellow  in colour, except fo r the neody­
mium compound which is  greenish-yellow . They are a l l  f in e ly  divided
powders, and unlike other lanthanide compounds with salen-type S c h if f  
93 95 100bases 9 9 are soluble in  common organic so lven ts, a property caused
by the introduction o f a lk y l substituents in  the rin g .
( i)  In fra-red  Spectroscopy
In the in fra -red  spectra o f these compounds the strong band at 1625 
cm 1 1(“Hl is  caused by the C=N v ib ra tio n , and the medium in ten sity  band at
1530  cm 1 by aromatic 0=0 stretch in g . 1 4 1  Three bands found in the region
-1 141
1100-1200  cm are p o ssib ly  due to C-N stretch in g . The band at 1295
cm, 1 i s  assigned to a C-0 stretch in g v ib ratio n , which unlike the Ce(IV),
Th(IV), and U(IV) complexes, has not moved very much toward higher f r e -
1 12 , 14 0 ,  143-146  £ ,quencies. 3 3 The an alysis  o f th is  mode is  complicated be­
cause coupling with sk e le ta l v ib ratio n  o f the phenyl rin g  must be involved.
- l
A medium in ten sity  band a t 520 cm which is  absent in  the spectrum 
o f  the ligand i s  observed in  each o f the complex m olecules, and may be 
caused by a M-N stretch ing v ib ratio n . This band is  a lso  present in  the
2.4.2 Complexes of Trivalent Lanthanide Ions.
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_1 57
In the 800-900 cm region, the spectra o f the tr iv a le n t  lantha­
nides and the Ce(IV), Th(IV) and U(IV) compounds are e sse n t ia lly  the 
same, (Table 2 . 1 1 ) .  I t  has been suggested that the Ce(IV), Th(IV) and 
U(IV) complexes are monomeric (see section  2 .4 .1 )  and the tr iv a le n t  lan ­
thanide complexes are polymeric (see la t e r ) . So comparison o f the spectra 
in  th is  region i s  u n lik e ly  to be usefu l with (t-Busalen)lanthanide and 
actin ide complexes, unless complexes o f known structure are a v ila b le
57fo r comparison. However, the re latio n sh ip s found fo r the iron complexes 
are c le a r ly  not present here.
TABLE 2 . 1 1
In fra-red  Spectra in  the 800-900 cm" 1 fo r Some Lanthanide and
Actinide Complexes
_i
Complexes cm
Ce(IV), Th(IV) and U(IV) chelates.
P r2 (t-Busalen) 3 880 w 860 w 830 s 825 m 800 w
Nd2 (t-Busalen) 3 880 w 860 w 830 s 825 m 803 w
Sm2 (t~Busalen) 3 880 w 860 w 830 s 825 m 803 w
Eu2 (t-Busalen) 3 880 w 858 w 832 s 825 m 800 w
Gd2 (t-Busalen) 3 880 w 855 w 830 s 825 m 805 w
Ho2 (t-Busalen) 3 880 w 855 w 835 s 828 m 800 w
Ce(t-Busalen) 2 882 m 868 w 833 s 825 m 803 m
Th(t-Busalen) 2 890 w,875 w 865 m 835 s 825 m 805 m
U(t-Busalen) 2 890 w,875 w 865 m 835 s 825 m 805 m
s = strong ; m = medium ; w = weak.
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Hie molar conductances o f the complexes were determined a t 25°C in
- 3
chloroform at a concentration o f 10  M. I t  was found that the solutions 
conduct e le c t r ic it y  unlike the pure solvent which is  non-conducting. I t  
can be seen from Table 2 .12  that the complexes are p a rt ly  d issociated  in  
so lution .
(ii) Molar Conductance Measurements
TABLE 2 .12
Molar Conductance Data.
Complexes ^ Molar C o n d u ctiv ity ^
P r2L3 0 . 1 2
Nd2L3 0.37
Sm2L 3 0.47
Eu2L3 0 . 1 2
Ho 2L 3 0.52
(a) L = t-Busalen.
.(b) CHC13 had no observable conductance.
( i i i )  Molecular Weight Measurement
For the P r( I I I )  complex, molecular weights o f  1466, 1743, 2317 , 2719 
and 3061 were obtained at concentrations o f  7.75 x . 1 0  **M, 8 .125  x  10  
1 . 1 5  x 10  3M, 1 .5 0  x 10  3M and 1 .8 3  x 10~3M re sp ective ly , indicating that 
th is  complex is  not in  the form Pr2L3 (M.Wt = 1416) in chloroform so lu tion  
and the molecular weight v a rie s  with concentration, due to d isso ciation  
o f the ligand and polym erisation o f the complex.
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(iv) Proton NMR Spectroscopy
The H NMR spectra o f  some (t-Busalen) lanthanide complexes have been
recorded in  CDC13 a t  room temperature (Figures 2 .15 - 2 .19 ) .
As mentioned before the conductivity and molecular weight measurements 
show that some d isso c ia tio n  is  l ik e ly ,  and a lso  molecular weight measure­
ments show that polymeric structures are present in  chloroform solution . 
These polymers w il l  be linked by bridging t-Busalen ions, but there i s  no 
evidence from X-ray crystallography o f the molecular conformation o f such 
ligands. As can be seen in  Figures 2 .15  - 2 .19 , the spectra o f  these com­
pounds are very  complex, ind icating that d iffe r in g  modes o f coordination 
fo r  the ligand are present. There w il l  therefore be the p o s s ib il ity  o f 
a t le a s t  three types o f ligand present in  solution :
1 )  The ionized ligand : -  the NMR spectrum o f th is  may be quite s im ilar to 
that o f  t-BusalenH2 and would be l i t t l e  influenced by the presence o f para­
magnetic ions. Such peaks can be seen in  the neodymium spectrum c le a r ly  
(Figure 2 .16  and Table 2 . 1 3 ) .  I f  these resonances were from ionized ligan d ,
TABLE 2 .13
Resonances Assigned to Ionized Ligand 
fo r  Nd2 (t-Busalen) 3 in  CDC13 so lution .
group ppm
-HC=N- 8.34
rin g  protons 7 .3 7 , 7 .26 * , 7 .19 . 7 .17  
6 .9 3, 6.83
methylene 3.95
t-b u ty l 1 .2 7
(*) . Including CHC13 proton.
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they might be expected to p e r s is t  in  the spectra o f other metal ions.
This was not the case and i t  i s  in terestin g  to note that o f metal ions 
3 -f
studied, Nd would give the sm allest sh ift s  (Table 2 .14 ) .  However,
some (compare Table 2.8) are not sh ifted  at a l l  from the positions found
in t~BusalenH2 (Table 2 .13 )  and others by very l i t t l e .  I t  could be that
3+
the behaviour found fo r Nd is  exceptional since th is  was the only spec­
trum o f a solution containing a metal ion which gave resonances so close 
to those o f the ligand. Even the spectra o f solutions containing d ia ­
magnetic ions (Table 2 .8) showed greater s h ift s  than these (but see la t e r ) .
2) Hie terminal ligand th is  end group in the polymer i s  only under the
influence o f a s in g le  paramagnetic ion. I t  i s  very d i f f i c u l t  to pred ict
1 3 1the expected spectrum, but s h ift s  may not be that great and i t  i s  shown 
in Table 2 .14  that the magnitude o f the s h if t  depends on the metal ion. 
Because d iffe re n t metal ions give d iffe re n t s h ift s  fo r  the same ligand , 
the spectrum assigned to the ionized ligand could be that o f the terminal 
ligand (see above), since the NMR. solutions are much more concentrated 
than those used fo r  the conductivity and molecular weight measurements, so 
that ion ization  would be le s s .
3) The bridging ligand th is  i s  under the influence o f  at le a s t  2 metal 
ions which need not be stereochem ically equivalent.
For the sake o f b etter in terp retation  o f these spectra , attempts wTere
made to measure the spectra o f solutions containing the 1 : 1  and 1 : 2 , metal
ion : ligand mole ra t io s  and o f the complexes M2(t-Busalen) 3 (where M =
3+ 3-j-
Nd and Pr ) in  pyrid in e-d5. To prevent the formation o f metal complexes 
with unionized ligand in  the f i r s t  two cases L i2(t-B u sa len ).1| H20 was 
used. I t  was thought that polymerization may be reduced by coordinated
81
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metal ion : ligand mole ra t io  so the spectra o f these complexes might be
sim p lified . However, as shown in  Figures 2.20 - ,2 ,2 5 ,  although there are
greater sh ift s  in  the peak positions in  these spectra in  comparison with
spectra recorded in  CDC13 so lu tion , even the spectra o f solution contain- 
3 +
ing the 1 : 1 ,  M : ligand mole ra t io  (where M = N d(III) or P r( I I I ) )  are not 
simple enough to in terp ret a l l  the peaks, probably because each proton in  
the molecule has a d iffe re n t chemical environment because o f polym erization.
The peaks assigned to the ionized ligand in  the spectrum o f Nd2 (t-  
Busalen)3 in  CDC13 so lution  are not observable in the pyridine spectrum o f 
th is  complex.
The very broad and intense peak at ~4.50 ppm in  a l l  the spectra (in 
pyridine) i s  assigned to water in  the pyridine so lution . There are three 
peaks at 7 ,16 , 7,52 and 8.68 ppm which are derived from pyridine protons 
as impurity and they are almost in  the same position  in  a l l  the spectra, 
ind icating  that the pyridine is  not coordinated, to the metal ion.
However, by considering the spectrum o f U(t-Busalen)2 in CDC13 so lution
and others, i t  i s  possib le  to l i s t  the approximate region o f resonance fo r
1 3 1d iffe re n t  groups o f  protons (see Table 2 ,15 ) ,  As expected, the s h ift s
3 +  3 +fo r  Nd are sm aller than those o f  Pr .
I t  would appear that polymerization o f the S c h if f  base complexes i s  
extensive even in  pyridine so lu tion , since the sh ift s  are fa r  greater than 
those observed fo r  complexes known to be monomeric m  so lu tion .
Also in  the study o f the monomeric crown-ether complexes mentioned e a r l i -  
e r f  the s h if t s  fo r  Pr were in  the range +5 to - 15  ppm fo r methylene
pyridine and by the ligand deficiency in the solutions containing a 1:1
FIGURE 2.20
Pr(NO 3)3 .6H20 : Li 2 (t-Busalen) 
1 : 2
in pyridine-d5
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FIGURE 2.22
NdCl3.6H20 : L.i2( t-Busalen)
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FIGURE 2.25
8 8
Comparison o f Lanthanide Induced S h ifts .
S h ift  caused by S h ift  caused by
Metal M(dpm) 3 a-methylene M(dpm)3  y-methylene
Hz1^  I l z ^
TABLE 2.14
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Pr - 1 1 .2 5 - -3 .7
Nd -5 .55 - 1 . 8
Sm - 1 .3 5 -0.6
Eu 2.95 1 . 8
Gd - -
Tb -26.25 -10 .9
Dy -54.00 -17 .9
Ho -5 1.4 5 - 1 8 . 1
Er 25.55 8.8
Tm -44.65 -14 .8
Yb 1 2 . 1 5 4.4
Lu 0.00 0 .0
(a) The a and y groups re fe r  to the methylene protons o f cyclo- 
hexanone (0 . 1  mol l - 1 ) in  a saturated solution  o f M(dpm)ain 
CClq, where dpm is  dipivalomethanato (Hdpm = 2 ,2 ,6 ,6 - te tra -  
methylheptane-3, 5-dione).
protons a t  various distances from the metal centre. These values are very 
much le s s  than those given in  Table 2 .15 .
1 3 1As was expected, a broad spectrum was obtained fo r  the holmium (Ho) 
complex (Figure 2 .19 ) , and more severe lin e  broadening s t i l l  was obtained 
in  the case o f the gadolinium (Gd) compound than in  the other cases (Figure 
2 .18 ) with 3 envelopes covering the whole proton spectrum at 7 .2  ppm (ring 
protons, CHCI3 and azomethine protons), a t 1  ppm (methylene protons) and
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a t 0 ppm (t-bu ty l group protons and TMS).
No spectrum could be obtained fo r  the Eu complex.
TABLE 2 .15
Tentative Assignments o f 1H NMR Spectra fo r  P r3* and Nd3* 
Complexes in  d5-Pyrid ine.
Compound Ring protons -CH=N t-bu tyl group methylene
(ppm) (ppm) (ppm) group (ppm)
Pr2 (t-Busalen) 3. +80 - + 1 3  +13 - + 7  +3 -  -2  - 14  -  -50
Nd2 (t-Busalen ) 3 +45 -  +13 +13 -  +7.5 +3 -  - 15  -6 .5  -  -27
3 +
(v) D iffuse Reflectance Spectra
The co rre la tio n  between structu re and absorption spectra fo r complexes 
o f  d -tran sitio n  metals i s  w ell understood in  terms o f the ligand f ie ld  
theory. R egrettably, the same situ a tio n  i s  not true fo r  complexes o f the 
lanthanide and actin ide ions. I t  i s  w ell known that the v is ib le  and near- 
in frared  absorption spectra , con sistin g  o f narrow bands due to e lectro n ic  
tran sitio n s (Laporte forbidden) w ithin the f n configuration , are a ffec te d  
only s l ig h t ly  by changes in  the environment o f the metal ion. This i s  
a ttrib u ted  to the sh ield ing e ffe c t  on the f  electrons by the outer e le c - 
trons o£ the ion . 150
15 1- 15 7I t  has been i l lu s tra te d  many times that certa in  tran sitio n s in
the lanthanide spectra are extremely se n sitiv e  to changes in  the environ-
90
ment o f the ion. These tran sitio n s are often ca lled  ,T hypersensitive " .
158Jorgenson and Judd have made a thorough study o f the mechanisms
which might account fo r th is  h yp erse n sitiv ity  and have mentioned that these
e
tran sitio n s are due to the nonhomogenpty o f the f ie ld  and p o larizatio n  o f
the solvent molecules. They have concluded that these hypersensitive
tran sitio n s are pseudoquadrupole in  nature. The se lectio n  ru le  AJ = ±2
is  obeyed ; the excited  le v e ls  almost always have a value o f J  two un its
158 159lower than that o f the corresponding . ground s ta te . Judd has a lso  
suggested that h yp ersen sitiv ity  may be due to the symmetry o f the c ry s ta l 
f ie ld .
Previous studies involving $ -diketone complexes o f the lanthanides , ^ 0
lanthanide a c e t a t e s ,h y d r a t e d  Nd3 + , Ho3+, and Er3+ s a l t s , a n d  some
97S c h if f  base complexes o f the lanthanides, have suggested that the shapes 
o f the hypersensitive absorption bands are c h a ra c te ris tic  o f the coordina­
tion  number (symmetry) about the lanthanide ion.
In the present work the hypersensitive tran sitio n s in  the absorption
spectra in  the so lid  sta te  and in  solution  o f the neodymium(III)-t-Busalen
complex show absorptions that are c h a ra c te ristic  o f the coordination number
3 +
and the ligand symmetry around the Nd ion.
it 2
For the neodymium(III) complex a tran sitio n  assigned to I 9 —* G 9
_1 ”2 ' ■£
observed near 19400 cm (Table 2 .17 )  i s  sen sitive  to the environment o f the
162 - 1 metal ion. A second absorption observed near 17400 cm i s  very broad
and intense due to ligand f ie ld  e f fe c t s .  This band i s  caused by tran sition s
4 2
from the ground sta te  to the G ^ and G ^.levels and shows remarkable chang­
es in  in ten sity  and shape fo r d iffe re n t ligand f i e l d s , 14 3 ,15 0 ,16 °  162
The two absorption bands due to the tran sitio n  from the ground state
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to S 3 and H 9 le v e ls  are observed between 13600-12300 cm and are le s s  
2 162 
se n s it iv e  to the ligand f ie ld  than the others.
An absorption band which is  fre e  from other m ultip lets and i s  assigned
4 4 3 +
to a tra n s it io n  I 9 — > F 3 occurs in  the near in fra-red  region o f the Nd
_ i ^  2
spectra (5900 cm ) .
_3
Figure 2.26 shows the absorption o f a 2 .5  x 10  M solution o f Nd2~
3+
(t-Busalen) 3 in  CHC13 and fo r  comparison, 8-coordinate Nd in the Nd(CF3-
«*> 1 AT
C0CHC0CF3)q ion. I t  is  l ik e ly  that the N d(III) complex i s  8-coordinate 
in  so lu tion .
3 + 4  4 2
The absorptions due to the Nd , 1 9 — ► G 5 , G ■? , tran sitio n
"2 '2  *2 3in  so lid  Nd2 (t-Busalen) 3 and fo r  comparison, the 8-coordinate Nd ion in 
i fix
Nd^SOq) 3 .8 H20 are shown in  Figure 2.26 . Since the band shapes are
almost id e n tic a l, a coordination number o f eight i s  indicated fo r N d(III)
in  the t-Busalen complex in  the so lid  s ta te . Thus, the comparison o f the
3+band shapes o f  the spectra o f the Nd ion between solution and so lid  sta tes  
suggests that the N d(III) ion in  Nd2 (t-Busalen) 3 has the coordination num­
ber 8 .
3+ —IThe Ho absorption band between 22700-21300 cm fo r  Ho2 (t-Busalen) 3 ,
5 5
due to the hypersensitive I 8 — > G 6 tra n sit io n , overlaps with strong
„i
ligand absorption. However, the band at ~21750 cm which i s  ch aracteris-
i fin
t i c  o f  seven- or eight- coordination i s  absent in  th is  spectrum (Figure
2 .2 8 ) , in d icatin g a lower coordination number fo r the holmium complex.
160 - 1 Some h yp ersen sitiv ity  has been found in  the bands at ~15500 cm
5 5
( I 8 *— ► F5) but there i s  110 c le a r  evidence fo r coordination number in 
our spectrum.
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The hypersensitive tra n sit io n s4^  o f samarium ( I I I )  a t 25300 and
_ 1  _ l  _ i
24390 cm , praseodymium at 21100 cm and europium a t 21500 cm were
obscured by ligand absorptions in  the complexes with t-Busalen.
3 +
I t  should be noted that the hypersensitive tran sitio n s o f Nd are 
the most widely studied ones.
(a) 8 coordinate Nd in  
the so lid  NdaCSOq)3 .8H20
(b) So lid  Nd2 (t-Busalen) 3
3 +
(b)
3+
(a 1) 8 coordinate Nd in
the Nd(CF3COCHCOCF 3)q
(b?) 2.5 x 1 0 " 3 M Nd2 (t-Busalen) 3
in  CHCI3
Cb')
FIGURE 2.26
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E lectron ic  Absorption Spectra o f Lanthanide(t-Busalen)Complexes, 
a t Room Temperature.
TABLE 2.17
Nd3+ \
' “  9/2
3+ 3
Pr —  Hq
_l
cm
19400 (1.50)
2
g v 2
_i
cm
17550
(17400)
(1 .00) ■
(19050)
U
17200 (1.80)
18870
(18600)
17500
(2.05)
(2.80)
7
£>7/ 2 X2
o
17000
16800
(16600)
(1.70 )
(2 .00)
i
d2
17400 (3.35)
z.
%
17 15 0 (3.50)
z.
it
13600
17000 (3.60) 13400
16950 (3.45)
(16850) 12400
(16700)
16400
.16000;
(14900)
(1 .00)
V 2
10000 
( 9600) 
8700
1
g 4
(14800)
u
.8300 ( < D
14700 (<1 )
£l
7200 (2.50)
13600 (2 . 00)
k S h
( 7100)
13500 (2.35) 7000 (2.35)
(13400)
4.
6700 (4.25)
q
(13300) 6500
5900
(4.00)
(2.25)
F 4
(12650) (5800)
(12500)
12400 (2,80)
H v4 ' 2
5650
5300 (3.75) '
Key : Frequencies between brackets are shoulders.
Frequencies without brackets are weak absorptions.
Frequencies followed by fig u res  between brackets (a rb itrary  scale) 
are strong absorptions.
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TABLE 2.17 (cont.)
(12350).
8700
8400
7200
6700
5900 (1.40)
(5680)
5250 (<D
Sm
3+ &
—  He, X2
Ho
3+ 5
*8
_i _i
cm cm
10400
6
¥' h
a
22200
20800
(4.00)
(1.40
5 5 . 
G6 > F 1
9250 (1.75)
O
f h
19300
(18700)
(1 .02)
q
8100 (1.90) 18500- (1.45)
j
Fk
(8000) (18350)
(18200) 5S2
. 7250 (1.60) 6p54
(7150) (15700)
15500 (1.20) 5Fs
6750 (1.80) (15450)
(15400)
6500 (1.75) (15200)
(6350) (15100)
6100
11200
5
Is
5900 (1.30) (11100)
5700
5250 (<D 8700
J
Is
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TABLE 2.17 (cont.)
8400
8000
7250
(7100)
6750
5900 (<1)
(5800)
(5750)
(5600)
(5350)
5300
(5200) 5I 7
3 +  7  3 + 8
Eu —  F Gd —o
_i _1
cm cm
8800 8800
8400 8400 ’ (<1)
(7350) 7250 (1 .0 )
7250 (<1)
5900 (2 .7)
5900 (1 .5) 5800
(5750) 5700
(5600) 5300 (<1)
(5300) F6
99
(v 1)  X-Ray Powder Patterns
Hie re su lts  o f the X-ray powder photography experiments are given in 
Table 2 .18  and Figure 2 .14 .
By comparing the d-spacings and in te n s it ie s  o f the l in e s , i t  can be 
seen that the lin e s  in the Nd, P r, and Sm compounds are the same, so these 
compounds are isomorphous. On considering the re su lts  from reflectan ce 
spectra , i t  can be sa id  that a l l  these three compounds are 8-coordinate. 
This might be expected, because o f the sim ilar ionic ra d ii  o f these metal 
ions.
The powder photographs o f  the Gd and Ho compounds are the same, but 
d iffe re n t  from those o f Nd, Pr, and Sm compounds. Again th is  might be be­
cause o f  d ifferen ces in  the ion ic r a d ii  o f the two group o f metal ions, 
and/or lower coordination number, as was noticed from the reflectan ce 
spectrum' o f holmium compound.
No conclusion can be drawn fo r the Eu complex because the powder 
photograph o f th is  compound i s  d iffe re n t from the others.
1 0 0
X-Ray Powder Data fo r t-Busalen Complexes o f Some T rivalen t 
Lanthanide Ions.
TABLE 2.18
P r( I I I )  Complex N d(III) Complex Sm(III) Complex
d(X )(a) I CO j  d(A) I
17 .5 0 s 17 .5 0 s 17 .5 0 s
14 .50 vs 14 .50 vs 14 .50 vs
1 2 .0 0 s 1 2 .0 0 s 1 2 .0 0 s
10 .50 s 10 .50 s 10 .50 s
8.20 m 8.25 m 8.20 m
7.30 m 7.30 m 7.25 m
6.75 s 6.75 s 6.75 s
6.20 w 6.20 w 6.40 w
5.80 w
5.30 w 5.40 w
5.00 w 5.00 w 5 .10 w
4.70 s 4.70 s 4.75 s
4.30 w 4.35 m 4.40 m
4 .10 w 4 .10 m 4.20 m
3,80 w 3.85 w 3.85 w
3.55 s 3.60 s 3.60 s
3.36 m 3 .35 m 3.35 m
3 .15 w
3.07 w 3.07 w 3 .10 w
2.90 w 2.90 w 2.90 w
2.80 w 2.75 w
2,50 w 2.55 w 2.55 w
2.48 w
2.39 w 2.40 w 2.42 w
2.28 vw 2.30 vw 2.30 vw
2 .15 vw 2 .17 vw 2 .17 vw
2,05 vw 2.05 w
1,9 2 w 1.9 7 w 1.9 4 m
1.8 9 w 1.89 m
1.7 8 vw 1.7 8 vw 1.7 8 w
1.7 5 vw 1.7 5 vw
1.6 3 vw 1 .6 1 w
(a) d-spacing.
(b) R elative  In ten sity .
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TABLE 2.18 (cont.)
Ho ( I I I )  Complex G d(III) Complex E u (III)  Complex
d(A) I d(A) I d(X) I
15.00 vs 15.00 vs 15.00 vs
14.50 w
13.00 w 13.00 w
12.50 s
12.00 vs 12.00 vs
11.00 s
9.50 s 9.50 s 9.50 w
8.50 w 8.50 vw 8.30 w
7.80 s 7.75 s 7.75 m
7.30 w 7.20 w 7.20 m
6.30 m 6.40 w 6.20 w
5.80 m 5.80 m 5.70 w
S .40 s 5.40 m 5.50 w
5.20 m
5.00 m 4.90 w
4.75 m 4.70 w 4.80 vw
4.40 w 4.30 vw 4.35 m
4.20 w 4.15 vw 4.10 w
3.85 w 3.85 w 3.85 w
3.70 w 3.60 w 3.65 m
3.45 s 3.45 m 3.45 m
3.25 w 3.25 vw 3.30 m
3.10 vw
3.05 w 3.05 vw 3.05 w
2.82 vw 2.86 vw 2.90 w
2.72 vw
2.67 vw 2.65 vw 2.60 vw
2.55 w 2.50 vw 2.50 vw
2.40 w 2.38 vw
2.29 w 2.28 vw 2.30 vw
2.15 w 2.15 vw
2.03 vw
1 0 2
CHAPTER THREE
COBALT AND IRON COMPLEXES
3.1 AIMS OF THE WORK
In th is  work, t-BusalenH2 was one o f the ligands selected  fo r the 
reasons described in  the previous chapter. S o lu b ility  may be increased 
in  the complexes fo r  two reasons. F ir s t ,  the bulky groups may separate 
layers in  a c ry s ta l la t t ic e  and reduce interactions between overlying mo­
lecu les o f the complex. This could be important fo r  iron since many o f 
the S c h iff  base complexes are dimeric (see chapter one). Changes in  phy­
s ic a l  properties are thus p o ssib le . A dditionally , the a lk y l substituents 
may help s o lu b ility  in  non-aromatic so lven ts.
In general, there i s  l i t t l e  known about iron (I I) complexes and th e ir  
adducts with n it r ic  oxide, so that a wide-ranging in vestigation  i s  p o ssib le . 
F in a lly , i t  was hoped to reduce the iro n (II)  complexes.
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3 ,2  NITRIC OXIDE COMPLEXES OF TRANSITION METALS
3 . 2 , 1  General Properties o f N itr ic  Oxide
N itr ic  oxide (NO) i s  a moderately stab le  oxide o f nitrogen. I t  i s  a 
c o lo u rle ss , monomeric, and paramagnetic gas under normal conditions of 
temperature. N itr ic  oxide i s  moderately reactive  and may be re ad ily  o x i­
d ised  e .g . ,  to nitrogen d ioxide, the nitrosonium ion, and n it r ic  acid  or 
reduced e .g . ,  to n itrous oxide and hydroxylamine.
The molecular o rb ita l configuration fo r  n it r ic  oxide is  (a l s ) 2 (a i s ) 2
C°2s :)2 (° 2S) 2 C°2px:)2 ( " 2py= W hich g i v e s  a  b 0 n d  0 r d e r  ° £
2 \ , consistent with an intratom ic distance o f 1 . 1 5 1  A., which l i e s  between
o o
the estimated values fo r  double ( 1 . 18  A) and t r ip le  (1.06  A) bonds. The
n it r ic  oxide molecule has one electron  in  an antibonding molecular o rb ita l ;
th is  e lectron  i s  f a i r l y  e a s ily  lo s t  (the ion isation  poten tia l o f NO is
918.75 kJm ol ) 164 t0  g ive ^he nitrosonium ion, [N0]+, which has a shorter
o o
bond length (1.062 A) than n it r ic  oxide ( 1 . 1 5 1  A). The increase in  strength
o f the NO bond, caused by the lo ss  o f th is  electron , i s  shown by the in -
- * 165crease in  the NO stretch in g frequency from 1875 cm in  free  NO gas * to
2200-2300 cm in  nitrosonium [NO] s a lt s  a
The electron  a f f in i t y  o f NO is  not known. The compounds formed be­
tween NO and sodium, potassium and barium, o r ig in a lly  formulated as.
[Na+] [NO" ] 167  have been shown^ 8 to contain the hyponitrite ion, [N202J
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The inorganic n itro sy l d erivatives are o f p a rtic u la r  in te re s t , because
examples are known in  which the n itro sy l grouping behaves as [N0] + or [NO]
169 170and as an apparently neutral molecule. I t  has been shown that n it r ic
oxide may be capable o f bonding to tran sitio n  metal atoms in  a number o f
ways ;
a) Transfer o f the odd electron  from NO to the metal ion is  followed by 
lon e-pair donation from [N0] + . This can a lso  be accompanied by back-bonding 
from the metal to the n it r ic  oxide.
b) Transfer o f an electron  from the metal ion to NO ; the [NO] then acts 
as a normal ligan d . In th is  species the nitrogen atom is  sp2-hybridised, 
so that donation o f an electron  p a ir  by [NO] re su lts  in  a th eoretica l 
M-N-0 bond angle o f 12 0 °.
3.2,2 Co-ordination of Nitric Oxide in Complexes
c) Sharing o f the lon e-pair on the nitrogen to give paramagnetic complexes. 
I t  i s  possib le to have two centres o f paramagnetism, the metal and NO.
M *— N =  0
d) Bonding o f the NO group in  a bridging position .
N =  0
M-4
e) The n itro sy l group Is  not bonded to the metal atom in  an end-on p osition  
with a lin e ar  M - N - 0  grouping, but bonded at some angle with in teraction  
with the metal involving the bonding tr electrons in NO.
M
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In many n itro sy l complexes, the metal-N-0 bond angle is  very close 
to 18 0 ° , and i t  i s  convenient to assume that the ligand is  the [:N — 0 :]  + 
ion, which i s  iso e lectro n ic  with carbon monoxide. In other complexes, the 
metal-N-0 bond angle i s  around 13 0 ° , and i t  i s  reasonable to assume that 
the ligand i s  [:N =  0] , iso e lectro n ic  with dioxygen. However, these 
assumptions are somewhat a rb itra ry . For example, i t  i s  easy to pred ict the 
bent configuration fo r the Co-NO linkage in  the complex ion, trans-[C o(d i­
arsine) 2 (NCS)N0] +, because a lin e a r  configuration would force an extra  p a ir  
o f electrons onto the cobalt atom, in  v io la tio n  o f the 18 -e lectro n  ru le .
A lin e a r  geometry i s  re a d ily  predicted fo r the c lo se ly  re la ted  complex ion, 
[Co(diarsine)2N0]2+, i f  one assumes that the cobalt atom must have 18 
valence e lectron s. A bent configuration would remove a p a ir  o f electrons
from the valence sh e ll o f  the cobalt atom, leaving only 16 electron s. I t
2.4“has been shorn that the [Co (diarsine) 2N0] ion has a trigon al bipyramidal
172arrangement o f donor atoms, with the lin e ar  n itro sy l group occupying an 
equatorial position  (d iarsine = o-phenylenebisdim ethylarsine).
Hie strength o f the N-0 bond and the charge on the nitrogen atom in a 
metal n itro sy l complex would be expected to depend on whether the NO coor­
dination i s  bent or l in e a r , and, in  the case o f lin e a r  coordination, on
17 1the degree o f dm-ir* back bonding. On the b asis o f valence bond stru c-
- + + + ** 
tures fo r  lin e ar  coordination (M — N ^ O ; -i— >- M = N -  0 :)  and bent coor-
«a
dination (M-Nv ) one would expect the N-0 bond to be weaker in the bentvA «..0 5
complexes and in  those complexes with strong back bonding. Strong back 
bonding should be favoured in  complexes o f metals with r e la t iv e ly  high e le c ­
tron den sity . Hie charge on the nitrogen atom would be expected to be lower 
(more negative) in  the bent complexes. ■ Hie N-0 bond strength can be mea­
sured by the N-0 stretch in g  frequency and the N-0 bond d istan ce, and the
171
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nitrogen atom charge can be measured by the nitrogen Is  electron binding
173energy. Finn and J o l l y  have measured these quantities fo r  various 
tra n s it io n  metal n itro sy l complexes. As expected, the low stretch ing fr e -  
‘ quencies (corresponding to we ale bonds) are found fo r  the bent n itro sy ls  
and fo r  the lin e a r  n itro sy ls  o f metals In very low oxidation s ta te s .
170 174Lewis and Wilkinson and th e ir  coworkers * have studied the in fra ­
red spectra o f metal n itro sy l complexes. They demonstrated that NO comp­
el
lexes absorb in  the wide range from 1045-1980 cm . In the m ajority o f
_l
d e r iv a tiv e s , the frequencies f a l l  in  the range 1580-1980 cm , and i t  was
suggested that in  these, coordination was o f type (a ), [N0]+. The stretch in g
175 ^frequencies o f  s a lt s  containing ionic [NOJ absorb a t about 2300
cm" but s a lt s  o f  [NO]” have probably not been prepared, however, fo r  d i-
oxygen, the Raman-active stretch in g  frequency i s  a t 1555 cm . I t  has
been suggested12  ^ (as an a lte rn ativ e  to the e a lie r  assignments1 20 ,124)
that when v^ t_q i s  found in  the region 1500-1700 enf1 the n it r ic  oxide be
assigned to structure [NOJ , and when is  in  the region 1700-1900 cm
the complex i s  form ally regarded as containing [N0]+. These stretch ing
frequencies may be- compared with frequencies fo r  free  [NO] h (2200 cm ) ,
fre e  NO (1840 'em ) ,  and organic n itroso  compounds, RN0( 1550 an ) .
The NO stretch in g  frequency can be used to d istingu ish  terminal and bridg-
177-179  - ling groups, the la te r  occurring around 1500 cm as in  {Ru3 (N0)2-
(CO)ioK12 2 3 1^  The bridging species in  the complex K6{ (CN) 500( ^ 02) Co-
(CNOslitlUO1 8 1  i s  the hyp onitrite  ion (absorptions at 1 13 0 , 1050 and 980 
j
cm ) and no coordinated NO groups are present as such.
Some n itro sy ls  o f iron and cobalt w il l  now be discussed in more d e ta i l .
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. A considerable number o f n itro sy l compounds o f iron and cobalt are 
known. The stru ctu ra l properties o f the n itro sy l group coordinated to 
tra n sitio n  metals have been the subject o f many reviews '!'82
Iron te tra n itro sy l Fe (N0)q is  obtained as black c ry s ta ls  when the 
pentacarbonyl i s  heated to 45° with n it r ic  oxide under pressure . The 
in fra-red  spectrum shows N-0 stretch in g  frequencies a t 18 10 , 1730 and 114 0
cm , that i s  in  both the [N0]+ and [NO] regions, so the structure
+ _ 185
Fe(N0 ) 3 (N0~). has been suggested fo r  the compound.
The compound Co (NO) 3 i s  the only pure n itro sy l ( i . e . ,  o f M(N0) type)
186fo r  which the structure is  w ell estab lish ed . The in fra-red  spectrum
(in cyclohexane) shows N-0 stretch in g vibration s at 1860 and 1795 cm 9
and no band in  the NO-bridging region (~1400 cm"* ) .  The two observable
N-0 stretch in g modes ind icate a pyramidal C- structure rather than a planar
D3h arrangement. This means that Co-NO a-bonds.are based upon a te tra -
3
hedral hybridization o f cob alt, with p o ten tia lly  base-active sp lone-pair 
electrons on cob alt.
N itro sy l h a lid es , fo r  example, {Fe(NO)2  ^U ^ 7 and {Co(NO)2C1 >nl 88
i qq
and n itro sy l carbonyls, fo r  example Fe(NO)2 (CO) 2 and Co(NO)(CO) 3 are 
known.
Perhaps, the best-known iro n -n itro sy l compounds are the ”  br01m -ring
compounds n which are observed in  the q u a lita tive  te s t  fo r  the n itra te  ion.
190In fra-red  and solution magnetic su sc e p tib ility  studies by Lewis et a l .
2 + 2+
suggested that the brown rin g  compounds {Fe(H20 )5NO} and {Fe(NH3) 5NO}
had the formal structure Fe(I) / [ N O ] T h e  room temperature magnetic moments
3.2.3 Cobalt and Iron Nitrosyls
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were independent o f concentration and corresponded to three impaired e lec-
7
trons; a high -sp in  d configuration. The N-0 stretching frequencies occur- 
ed in  the region expected fo r  [N0]+ ("1760 cm ) .  The brown colour o f  the 
complex has been attributed  to charge-transfer bands associated  with the 
Fe-N-0 system.
19 1  2+The Mossbauer data o f {Fe(H20 )5N0} have been interpreted in  terms
7
o f a h igh-spin , d , Fe(I) complex with an outer o rb ita l e lectro n ic  con fi-
4 1 1  1
guration (dxz?)rz) (d ^ ) (dz2) (dx2 2) • I t  was also  suggested that the
o
complex could be foraiulated as Fe(II)/[N 0] with a rather weak a n tife rro ­
magnetic coupling between the S = 2 sta te  o f Fe(II) and the S = | sta te  o f
192n it r ic  oxide. More recent Mossbauer and in fra-red  studies have assigned 
a Fe(III)/[N 0] structure to the complex (Fe(NH3) 5N0 }C l2 . The N-0 s t re t -
„i
ching frequency o f  the fre sh ly  prepared compound was -1600 cm compared 
to ~1750 cm fo r  an old sample. I t  has been suggested that the magnetic 
su sc e p tib ility  o f the fre sh ly  prepared compound may confirm the oxidation 
state  o f  the iron atom.
2-
Both iron and cobalt form n itro sy l cyanides such as (Fe(NO)(CN)5}
and (Co(NO) (CN)s} . The n itro sy l pentacyanoferrate(II) or n itroprusside 
2_
ion (Fe(N0) (CN)s} i s  one o f the most re ad ily  ava ilab le  n itro sy l complexes, 
and has been exten sively  in vestigated . For the three types o f n itro sy l 
mentioned before (section 3 .2 .2 )  the e ffe c t iv e  charge o f iron in  n itro ­
prusside becomes +2, +3, or +4. Unfortunately, there seems to be no re a l 
evidence on which i s  the correct d escrip tion , and iron in  n itroprusside is
rou tin ely  described in the lite ra tu re  both as a +2 and a +3 sp ecies.
193Brown by examination o f the physical and chemical properties o f {Fe- 
(CN) 5NO} ” has shown that the anion contains Fe and should be formulated
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as Fe3+-N0 not Fe +-N0+.
Reduction o f {Fe(CN)5N0} with sodium in liq u id  ammonia in  the pre-
+ X -
sence o f  the {E t3N} cation  gives {E t3N>2(Fe (CN)qNO} ; stru ctu ra l studies
on th is  compound show that the anion has square-pyramidal coordination with
194a lin e a r  NO group.
The in fra -red  spectrum o f K3{Co(CN)3N0},2H20, prepared from the black
isomer o f {Co(NH3) 5N0 }X2 .,2H20 (X=Cl,or N03) , showed bands due to the hypo-
1 81n it r i t e  ion and the structure K6{(CN)5Co(N202)Co(CN)5 } , 4H20 i s  suggested.
195This complex has a lso  been studied by other workers who confirmed th is  
structu re in  the so lid  s ta te , but found an absorption in  the range 1770-
1860 an 1 in  d ilu te  so lution  which they took as evidence fo r  a monomer-
195dimer equilibrium .
The c ry s ta l structure o f  ( 1 ,2-bis(diphenylphosphino)hexafluorocyclo-
p en ten eid in itrosyliron , (Ph2PC=C(PPh2) - (CF2) 2CF2 }Fe(NO)2 , shows that the
iron atom has d istorted  tetrahedral coordination. Hie M-N-0 groups are
lin e a r  (177 .8  and 17 6 .8 °) . The short Fe-N [1.6 6 1(7 ) and 1.645(7) A ]
and r e la t iv e ly  long N-0 [ 1 .18 4 (10 )  and 1 .7 7 ( 10 )  A ] bond lengths ind icate
196considerable metal — KLigand back-donation. Hie stretch in g  frequencies 
(1702 and 1746 cm ) observed fo r  th is  complex l i e  in  the range o f coor­
dinated [no]
Hie structures o f dinitrosylcarbonyltriphenylphosphineiron, Fe(N0)2-
(C0)PPh3 , and d in itrosylb is(triphenylphosphine)iron , Fe(N0) 2 (PPh3) 2 , have 
197been determined. In the former the NO and CO groups are disordered. 
However, both compounds exhibit, d isto rted  tetrahedral coordination and 
both contain lin e ar  n itro sy l groups.
2 „
Ill
The c iy s ta l  structures o f Co(CO)2 (NO)(PPh3) , , ( I ) . : and Co(CO)(NO)(P-
198PI13) 2 j ( I I)  > have been determined; both compounds possessing d istorted  
tetrahedral geometries. In the molecule o f compound (II)  the CO and NO 
ligands are not d istinguishable because o f the disorder. In the both comp­
ounds the Co-N-0 linkage i s  l in e a r .
So lid  Fe(TPP)Cl (TPP -  tetraphenylporphinate) slow ly takes up NO to
form the so lid  Fe(TPP)ClNO , in  which the n itro sy l group is  only weakly
bonded; the reaction reverses on removal o f the NO atmosphere. In so lu tion ,
the same reaction  is  rap id , and purple c ry s ta ls  o f Fe(TPP)ClNO have been
iso la te d . Spectral and magnetic data fo r the complex indicate that the
iron atom may be considered as high-spin octahedral F e ( I I ) ,  although the
authors could not exclude the p o s s ib il it y  o f a spin e q u i l i b r i u m .O t h e r
workers have a lso  studied th is  reaction  and found that the product had very
sim ila r spectra to those o f  Fe(Il)(myoglobin) CO or the NO complex o f fe r r ic
peroxidase. Reaction o f Fe(TPP)Cl with NO and methanol in  toluene leads
to Fe(II)(TPP)NO , which forms a v a r ie ty  o f six-coordinate adducts, and
200i t s  e . s . r .  spectrum suggests a bent Fe-N-0 linkage. However, Wayland 
201and Olson a lso  have reported that Fe(TPP)Cl reacts re v e rs ib ly  with NO 
in  toluene to form Fe(TPP)Cl(NO) and they have observed a sim ila r N-0 
stretch in g  frequency (1880 cm. ) as has been found in  reference 199, but 
they found that Fe (IPP) Cl (NO) i s  diamagnetic and has an e lectro n ic  spec­
trum c h a ra cte ristic  o f a low spin F e(II) porphyrin. They a lso  have reported 
that in  methanol, NO reacts with Fe(TPP)Cl to give F e(II) (TPP)NO, perhaps 
by me thano ly s is  o f coordinated [NO]* in the intermediate Fe (TPP) (Cl- ) (N0+) . 
Fe(TPP)N0 has a doublet ground sta te  with the odd electron  in  a molecular 
o rb ita l with Fe(dz2) and NO(a^) character. This complex reacts with N-donor 
ligands to form Fe(TPP)(NO)L and a lso  re v e rsib ly  adds a second NO to give
1 1 2
Fe(TPP) (NO) 2 , formulated as Fe(II) (TPP) (NO+) (NO ) .  Two NO stretch ing f r e ­
quencies are observed fo r  th is  molecule (1870, 1690 cm 1 ) consistent with
201the presence o f  lin e a r  and bent NO groups. Support fo r  th is  formulation 
comes from the molecular structure o f the re la ted  complex {RuCl (NO) 2 [P- 
(C6H5) 3] 2 KPF6} .  This compound contains lin e ar  (178°) and bent (138°)
_i 202
Ru-N-0 u n its and exh ib its v^q a t 1845 and 1687 cm .
203The Fe(TPP)N0 compound has a lso  been reported by Scheldt and F r is se ,
and crysta llo grap h ic  studies show that the low-spin molecule has square-
pyramidal geometry, and a bent NO group [Fe-N = 1 .7 17 (7 )  A, AFeNO -  14 9 .2 ° ] .
S tru ctu ra l stud ies o f  Fe(NO)TPP(l-methylimidazole) have s h o w n t h a t  the
n it ro s y l group is  bent a lso  (tFeNO = 14 2 .1 ° )  in contrast to the re la ted
205
compound (Mn(NO) (TPP) (1-m ethylpiperidine) } .
The n it r ic  oxide complex o f iron (1 1 )  protoporphyrin ( IX) dime thy le s  t e r ,
206Fe (NO) (PPDME), has been synthesized ; in vestigation  o f i t s  spectra in ­
d icate a bending o f the Fe-N-0 u n its and rhombic symmetry.
207From chemical studies i t  was concluded that iron (I I) and amino 
acids form complexes which can. react in  several ways with n it r ic  oxide.
Although there have been many reports in  the l ite ra tu re  o f the pre­
paration  o f S c h if f  base complexes o f the tran sitio n  m etals, the reaction  
o f such complex with n it r ic  oxide has been studied in  only a few cases.
The reactions o f  metal-NN’ -ethylenebis(salicylideneim inato) complexes
ono orvQ
with n it r ic  - oxide have been shown to give { (Msalen) (NO)} (M = Co, Fe )
or (M(0H) (salen) } (M = Mn), and in  the presence o f a i r ,  5 ,5 1-d in itro -
210  208 salen  complexes (M = N i, Cu). Larkworthy e t  a l . iso la te d  a number
o f  mononitrosyls o f salen- and substituted  sa len -co b a lt(II) and found the
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compounds to be stab le when dry. A fiv e  coordinate, square pyramidal stru c­
ture was proposed fo r these complexes based on the s im ila r ity  o f th e ir  phy­
s ic a l  properties with those o f Co(NO){S2CN(CH3) 2)2 * The complexes were 
shown to be monomeric. The N-0 stretch in g frequency occurred in  the range 
fo r  coordinated [NOj* and was observed to increase with the electron-w ith­
drawing powrer o f the sub stitu en ts. The complexes v/ere o r ig in a lly  consi-
r 1 + 209dered to have the configuration Co(I)[NO] but were reformulated as
Co ( I I I )  [NO] , based on the N-0 stretch in g frequency range for[N0] proposed
2 11  209by Gans. The apparently pentacoordinate mononitrosyls o f Fe (salen)
and i t s  d erivatives are prepared by reacting n it r ic  oxide with a S c h if f- 
base complex. The e ffe c t iv e  magnetic moments indicated that the products 
contain three unpaired e lectro n s. Hie magnetic su sc e p tib ility  o f  the Fe- 
(salen) n itro sy l d erivative  decreases sharply with temperature a t about 
180 K to a value corresponding to one unpaired electron . The in fra -red  
spectrum o f th is  complex in  the S = -j state  indicates that the formal o x i­
dation sta te s  o f  the iron and n itro sy l group could be regarded as on the 
borderline between iron (I) and [N0]+ and iro n (III)  and [NO] , i . e .  iro n (II)  
and NO. However, the MSssbauer isomer s h ift  i s  more compatible with a 
complex containing iron ( 1 1 1 )  and [NO] .
. Recently, the X-ray structu re o f {Ru(salen)(NO2)(NO)} has been re - 
212ported. Hie complex is  monomeric and has a s l ig h t ly  d istorted  octa­
hedral geometry. The salen  group acts as a r e la t iv e ly  planar tetradentate 
ligan d , while a lin e ar  n itro sy l and a n it r i to  group are trans to each other. 
I t  i s  believed that th is  compound is  the f i r s t  example o f an a-bonded n itr ito ' 
n it ro s y l S c h iff  base complex.
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Since some iro n (II) / S c h if f  base complexes with small molecules are 
209' known to have in terestin g  magnetic properties a b r ie f  review o f  facto rs  
a ffe c tin g  paramagnetic behaviour w il l  be given.
Compounds in  which the paramagnetic centres are separated from one 
another by numbers o f diamagnetic atoms (from ligan ds, e tc .)  are sa id  to 
be 11 m agnetically d ilu te  " ,  I f  the ligand or other diamagnetic species 
are removed from such a system, the neighbouring paramagnetic centres in ­
te ra c t  with one another. These in teraction s give r is e  to ferromagnetism 
(neighbouring magnetic d ipoles aligned in  the same direction) and a n ti­
ferromagnetism (neighbouring magnetic dipoles aligned in a ltern ate d irec­
tions) . Ferromagnetic m aterials have a g rea tly  enhanced paramagnetism, 
the phenomenon is  rare  and confined la rg e ly  to iron and other metals and
a llo y  systems, although a number o f metal complexes do exh ib it ferromag- 
213netism. ' .Antiferromagnetism is  much more common; i t s  e ffe c t  i s  to re ­
duce the s u sc e p t ib ility  and hence the magnetic moment o f the compound.
I t  i s  commonly found to occur in tra n sit io n  metal halides and oxides where 
a reduction in  e ffe c t iv e  spin magnetic moment is  observed.
These various forms o f paramagnetism exh ibit ch a ra c te ristic  re la tio n ­
ships between su sc e p tib ility  and temperature. These are show q u a lita t iv e ly  
in  .Figure 3 . 1 ,
Ferromagnetic m aterials behave as normal paramagnetics at high tem­
peratures., but a t a temperature known as the Curie point (Figure 3.'1) there 
is  a marked increase in  x accompanied by a marked dependence o f the suscep­
t i b i l i t y  on the f ie ld  strength. Antiferromagnetic m aterials also  behave as
3.3 MA.GNETOCHEMI STRY
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FIGURE 3 . 1  Temperature dependence o f su sc e p tib ility  fo r 
paramagnetic, ferrom agnetic, and a n tife rro ­
magnetic m ateria ls.
normal paramagnetics (Figure 3 . 1 )  u n til  the Neel point i s  reached when the 
s u sc e p tib ility  decreases with temperature. Normal paramagnetic substances 
obey C u rie ’ s Law which sta te s  that paramagnetic su sc e p t ib ility  depends 
in verse ly  on temperature,
where C i s  the Curie constant. Thus a p lo t o f 1/x  against T gives a 
s tra ig h t lin e  o f slope C passing through the o rig in  (O K).
Curie deduced that the su sc e p t ib ility  i s  re la ted  to the magnetic 
moment p (in Bohr magnetons) by the expression ;
Np232 
XA 3KT
where N is  the Avogadro number, K is  the Boltzman constant, T i s  the
ehabsolute temperature, 3 is  the Bohr magneton ( 3 = -^ ——) ,  and y i s  the 
e ffe c t iv e  magnetic moment. I f  the Curie law is  obeyed, the e ffe c t iv e
magnetic moment, Ve££, i s  given by the follow ing equation;
ae f f  = ( i f r T ( x A T R  -  2.828 B.M.
Many substances give stra ig h t lin e s  that in tersect the temperature 
ax is a l i t t l e  above or below 0 K. These compounds are sa id  to obey the 
Curie-Weiss Law,
C
x “  T + 6
in  which 0 is  known as the Weiss constant and is  a measure o f the departure 
from id e a l behaviour. For ions in  the f i r s t  tran sitio n  s e r ie s , the 
th eo retica l magnetic moment is  given by;
e f f = /  [4S(S+1) + L(L+1)] B.M,
where S i s  the to ta l spin quantum number, and L is  the to ta l o rb ita l angular 
momentum quantum number. In p ractice  i t  i s  found that the o rb ita l co n tri­
bution i s  often  considerably le s s  than the spin contribution, so a furth er 
approximation can be w ritten ;
ye f f  = /  [4S(S+1) ]
since s = ±\ only, and S = z s , the number o f unpaired electrons in  a system 
is  given by n -  2S„ Hence, by substitution  fo r S in  the above equation we 
have
v e f f  = 4 n(n+2}]
th is  re su lt  i s  known as the spin-only formula. (The un it o f  magnetic
— 24 — t
moment i s  the Bohr magneton, B.M,, = 9.273 x 10 " A m2molecule” ).>
Hie experimental moments found fo r  ions in  the f i r s t  tran sitio n  se r ie s  
are often  quite close to those given by the spin-only formula but in  some
117
cases they are considerably in  excess o f th is  th eo retica l value. I t  is
these deviations (most commonly due to o rb ita l contribution) from the spin-
\
only value that enable magnetic measurements to be o f value in  determining 
the stereochem istry o f metal complexes.
3 . 3 . 1  Spin-State E q u ilib ria  
4 7Ions o f the d - d  configurations in  octahedral f ie ld s  may give high 
or low-spin complexes depending on the strength o f the ligand f ie ld .  For 
any metal ion, the change from a high-spin to a low-spin configuration 
might be expected to occur a t a certa in  value o f the ligand f ie ld  s p lit t in g  
parameter A. I f  ligand f ie ld  strength (A) and the p a irin g  energy (P .E .) 
are o f  approximately the same magnitude, a chemical equilibrium  o f the two 
forms might occur. This s itu a tio n  is  shown in Figure 3 .2 .  Further, i f  
the energy separation between the two spin states is  o f the order o f kT, 
temperature w il l  have a great e f fe c t  on the position  o f the high-spin— 
low-spin equilibrium .
FIGURE 3.2 The transition between spin-states.
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3 .3 .2  'Temperature Independent Paramagnetism
Some substances which are expected to be diamagnetic have a very small 
su sc e p tib ility  which is  independent o f temperature, the so -ca lled  tempera­
ture Independent paramagnetism (TIP). This a r ise s  because the magnetic 
f ie ld  d isto rts  the electron  d istrib u tio n  o f an ion on which i t  acts to 
change the ground sta te  by a small amount due to in teraction  between higher- 
and ground-states. Hie separation o f the in teractin g  le v e ls  i s  greater 
than kT, so thermal population o f the upper le v e l does not occur and the 
contribution to the su sc e p t ib ility  i s  independent o f temperature. Since 
fo r T .I .P . ;
v*ef f  -  2 .8 2 8 / X-pjp x T
a small va ria tio n  o f e ffe c t iv e  magnetic moment with / f  re su lts .
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3.4 Mossbauer Spectroscopy214-216
Mossbauer spectroscopy, named a fte r  i t s  d iscoverer, i s  concerned with
tra n sitio n s between energy le v e ls  w ithin the n uclei o f atoms leading to the
emission or absorption o f y -rays . This technique provides information on
chemical bonding. About a th ird  o f the known elements ( Table 3 . 1 )  when
formed by the rad ioactive decay o f an isotope o f the same .or a d iffe ren t
element, are in i t i a l l y  produced in  an excited  nuclear s ta te . A fter a very
short decay, o f the order o f  microseconds, the excited  nucleus reverts to
the ground sta te  and emits energy o f a very high frequency, u su ally  in  the
y -ray  region o f the spectrum. I t  i s  the study o f th is  y -ray  emission
and subsequent re-absorption which constitu tes Mossbauer spectroscopy.
One o f the most thoroughly studied elements is  iron. The isotope S7Fe
is  conveniently produced by the decay o f rad ioactive 57Co, which is  a
re la t iv e ly , lon g-lived  sp ec ie s , (t-, = 270 days). The excited  57Fe nucleus
2 _7
(Fe*) so produced very rap id ly  (a fte r  about 1 .5  x 10  s) drops to the 
ground s ta te . A sim p lified  energy le v e l diagram fo r  the 57Co — >-57Fe 
tra n s it io n  i s  shown in Figure 3 . 3.
S7Fe* I = |  
26 4
57
26'
Fe*
57
26 Fe
FIGURE 3,5 Simplified decay scheme for 57Co — *57Fe
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If an iron nucleus, initially in the ground state, were to be put in 
the emitted beam of y-ray radiation, it would absorb y-rays to become 
excited to the Fe* state, provided the separation of energy levels is the 
same in the absorbing nucleus as in the emitting nucleus. In fact, the 
separation of levels depends very slightly on the chemical environment and 
usually y-ray absorption is possible only if the source is moved relative 
to the absorber so that the Doppler effect can be used to match the energy 
of the y-ray to the separation of levels in the absorber nucleus.
If the source and absorber nuclei are in identical surroundings, the 
absorption of the y-ray occurs at zero relative velocity as in Figure 3.4. 
But a nucleus in chemical surronding different from those of the source 
does not absorb at the same velocity, and some displacement from zero 
relative velocity will occur. This displacement is referred to as .the 
isomer shift.
5.4.1 Chemical Isomer Shift (cp
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FIGURE 3.4 Tire isomer shift for Fe.
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Hie main factor affecting the magnitude of chemical shifts is the 
electron density at the nucleus concerned and, since p, d, ... orbitals 
have zero electron density at the nucleus, it is the s-electron density 
which is important. Observation of shifts, then, allows measurements of 
relative s-electron density which, in turn, gives information of the bond 
character of atoms or ions chemically attached to the Mossbauer nucleus.
Another important factor which affects isomer shift is that nuclei 
in excited states usually have a different radius from those in the ground 
state (they may be either smaller or larger). Hieoretically it may be 
shown that
6 =-i|Z£_R2 «^- [|„,a(0)|2 - |i|/s(o) |2] (3a)
R .+ R
R = ——— , where R is the radius of the atom in the excited state andZ 0
2R is the radius in the ground state. <$ R = Rg - R , |ij>a(0) | " s-electron
2density in the absorber nucleus, |ips(0)| = s-electron density in the source
nucleus. For a given nucleus R and 5 R are constant.
6 = constant x [|ij>a(0) | 2 - |i|>s(0)|2] (3.2)
So the isomer shift is a measure of the difference in electron charge density
at the nucleus of the source and absorber atoms. And for a given source,
2I# (0)| is constant; thus the isomer shift is proportional to the s-electron 
density at the absorber.
•«S « constant x [|^ a(°)|2] (3.3)
However, because ~  for 57Fe is negative, it can be concluded from 
equation 3.3 that as the s-electron density in a series of absorbers 
increases, • <$ decreases,
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Fe(I) S= | Q
□  Fe(I) S=|
Fe(II) S=2
Q  Fe(II) S=1
Fe(II) S=0 
Fe(III) S=|
[] Fe(III) S=|
Fe(III) S=|
1
Fe(IV) S=2
□  Fe(IV) S=1 
[] Fe (VI) S=1
**j Diamagnetic covalent
-1.0 -0.5 0 +0.5 +1.0 +1.5 +2.0
FIGURE 3.5 : Approximate representation of the ranges of chemical
isomer shifts found in iron complexes. The values are 
related to iron metal at room temperature. The most 
common configurations are shadowed.
The magnitude and sign of the isomer shift is dependent on the 
differences of energy between the separations of the ground, and excited 
levels in the absorber and source nuclei. If the source energy sep^ratio'n is 
larger than the energy level of absorber then the spectra will occur in 
the negative relative velocity region. IVhen the energy Separation oifhe 
absorber is the larger, the spectra will be at positive relative velocity 
(Figure 3,4),
The approximate ranges of the isomer shifts observed in pratice for 
different oxidation states or electronic configurations is shown in Figure 
3.5,
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The isomer shift (5) is generally calibrated by the source velocity 
and reported in mm sec. Natural iron was used as the calibrated material 
in the present work.
3.4.2 Quadrupole Splitting ( aEq)
Nuclei with spin equal to 0 or \ are spherically symmetric and have 
a zero quadrupole moment, whereas those with spin > \ possess nuclear 
quadrupole moments.
The interaction between the nuclear quadrupole moment and the electric 
field gradient, e.f.g, (which depends on the electronic environment of the 
nucleus) causes the excited nuclear energy levels to split and is called 
the nuclear quadrupole interaction. In the case of 57Fe (I - — ) a charac­
teristic two-line spectrum will be obtained (Figure 3.6) and the difference 
in energy between these two lines is called the quadrupole splitting, aEq.
2It can be shown that aEq = \ e Qq , where.e is the electronic charge, 
Q is the nuclear quadrupole moment and q is related to the electric field 
gradient at the nucleus. If the charge distribution around the nucleus is 
spherically symmetrical (cubic) q = 0 and aEq = 0.
The electric field at the nucleus has a contribution from the charges 
on the atoms surrounding the nucleus (the lattice ), and contribution from 
the electrons surrounding the nucleus, the valence electrons especially.
So, it is usual to separate the effect of lattice charges, and valency 
electrons on q*
 ^” v^al + l^at
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FIGURE 3.6 : Origin of'quadrupole splitting, AEq.
3.4.3 High-Spin Iron(III) and Low-Spin Iron (I I)
5 ,6,The half-filled shell of octahedral high-spin iron(III), 3d ( S),
is spherically symmetric and low-spin iron(II) behaves similarly as a 
6 1result of its t2g ( A) configuration in the ground state (Figure 3.7). 
These spherically symmetrical arrangements of d-electrons give no valence 
contribution to the e.f.g., thus :
*1 = qlat
The small value of quadrupole splitting which may be observed is 
because of the distortion arising from unsymmetrical arrangements of the
to 
I w
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ligands (cllat^  0) . AEq varies from zero for a regular environment to 1 . 5  
mm sec'"1 for. a distorted environment.
3.4.4 Low-Spin Iron(III) and High-Spin Iron (I I)
High-spin iron(II) has one d-electron more than in a half-filled shell,
as shown in Figure 3.7. This additional electron gives rise to a large
e.f.g. which produces large AEq values (between 1.5-3.6 mm sec-1). In low-
spin iron(III) an electron is missing from a complete t2 level (Figure 3 .7)
S
and a large AEq is also expected.
The low-spin iron(II) and low-spin iron(III) complexes which give 
similar isomer shifts can be distinguished from their quadrupole splittings.
-----  e  e
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(a) high-spin iron(III) (b) low-spin iron(II)
eg    eg
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■4— U   t 9 —  t— 4— *---  2g — 4-— 4—  2g A  4 -
(c) high-spin iron(II) (d) low-spin iron(III)
FIGURE 3.7 : Energy of d-orbitals, and the ground state occupancy
schemes for octahedral coordination.
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3.5.1 Preparation of the Ligands
Hie aldehydes were obtained commercially unless otherwise stated.
(i) NNT-Ethylenebis(salicylideneimine), fsalenFfe] .
Salicylaldehyde was condensed with ethylenediamine as in (i) in chapter 
two ; the product was recrystallized from 961 ethanol. Hie yellow crystals 
were dried (CaCl2), m.p. = 124-125°, Lit. m.p. = 123°.
Found : C 71.54 % H 5.93 % N 10.27 %
Calc, for C16H16N202 : C 71.63 % H 6.01 % N 10.44 %
(ii) NN1 -Ethylenebis (5-t-butylsalicylideneimine), ft-BusalenHa]
See section (i) in chapter two.
(iii) NN1 -o-Phenylenebis (salicylideneimine) , fsalphenH2~l
Salicylaldehyde was condensed with o-phenylenediamine as in (i), the 
product was recrystallized from dimethylformamide. The orange crystals 
were dried (CaCl2), m.p, = 161° ; Lit. m.p. = 163°.^
Found : C 76.69 % H 5.16 % N 8.69 %
Calc, for C2oH16N202 : C 75.95 % H 5.06 % N 8.86 %
3.5 EXPERIMENTAL
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(iv) NN’-o-Phenylenebis (5-t-butylsalicylideneimine), [t-BusalphenEfe]
5-t-Butylsalicylaldehyde, which wras obtained as in (ii) , wras condensed 
with o-phenylenediamine as in (i). The brownish-orange solid was filtered 
off and recrystallized from dimethylformamide and dried (CaCl2), m.p. = 
169-170°.
Found : C 79.20 % H 7.80 % N 6.53 %
Calc, for C28H32N202 : C 78.50 % H 7.48 % N 6.54 %
(v) NN1 -3,3-Iminobis (propylamine)bis (5-nitrosalicylideneimine), [N02-saldptH2]
The product wras prepared as in (i). The yellow-orange precipitate 
was filtered off and washed with hot 96% ethanol, m.p. = 147-149°.
Found : C 55.86 % H 5.41 % N 16.19 %
Calc, for C20H23N5O6 : C 55.94 % H 5.36 % N 16.31 %
3.5.2 Preparation of Bis(acetato)iron(II)Dihydrate
Owing to the extreme air-sensitivity of ferrous acetate dihydrate as 
218noted by King, all operations were carried out under nitrogen and all 
solvents were deoxygenated.
An excess of iron powder and iron wire was heated in aqueous acetic 
acid (1:1) until the evolution of hydrogen ceased. The solution was cooled, 
the excess iron filtered off, and the filtrate evaporated to dryness.
Ferrous acetate dihydrate was obtained as a pale green powrder which was
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shaken with acetone and some glass balls so as to remove it from the walls 
of the flask, filtered, dried by continuous pumping and sealed in glass 
tubes under vacuum.
Found : Fe 27.26 % Calc, for CJHgO^Fe^HgO : Fe 26.66 %
41Recently a new way to prepare iron(II) acetate iti dimethylform­
amide lias been reported. This gives, without any further treatment, the 
anhydrous material. This method has not being tried in the present work.
3.5.3 Preparation of Schiff Base Complexes
All operations were carried out under nitrogen and all solvents were 
deoxygenated. All compounds were dried by continuous pumping and sealed 
in pyrex tubes, unless otherwise stated.
a) Cobalt(II) Compound
(i). 5-t-Butylsalencobalt (II)
-  3A solution of cobalt(II) acetate tetrahydrate (4.82 x 10 mol) in di­
me thylformamide was added slowly to a hot solution of 5-t-BusalenH2 (4.80 x 
10 mol) in the same solvent. The solution was heated for twenty minutes 
and then allowed to cool. The product crystallized from solution, was 
filtered off, and washed twice with 96% ethanol. The shiny red crystals 
are air-stable when dry.
Found ; C 65.52 % H 6.72 % N 6.45 % Co 14.01 %
Calc, for C2L>H30N2O2Co: C 65.90 % H 6,87 % N 6.41 % Co 13.50 %
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b) Iron (I I) Compounds
The choice of a suitable iron(II) starting material for the preparation 
of Schiff base complexes was a problem. It has been found that if iron(II) 
sulphate or chloride is used, the strong acid formed in the reaction has to 
be removed with sodium hydroxide. The amount of base must be accurately 
.known otherwise any excess causes contamination of the product with hydrated 
iron oxides causing it to be ferromagnetic. Consequently, ferrous acetate 
dihydrate was used initially, although in the later preparations hydrated 
ferrous sulphate or chloride were used as the starting material.
The main disadvantage of ferrous acetate dihydrate was its sensitivity 
to oxidation.
A further problem with the preparation of Schiff base complexes of 
iron (I I) was their extreme air-sensitivity.
(i) (salen) iron(II)
- 3An aqueous solution of ferrous acetate dihydrate (5,8 x 10 mol) was
_ 3added slowly to an ethanolic solution of salenH2 (6.0 x 10 mol). A red- 
brown solid appeared. The reaction mixture was boiled for ten minutes and
then allowed to cool. The brow product was filtered off and washed twice
with 96% ethanol. The product was fairly stable in air when dry.
Found : C 59.50 % H 4.35 % N 8.64 % Fe 17.03 %
Calc, for C16HiqN202Fe: C 59.63 % H 4.35 % N 8.69 % Fe, 17.39 %
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(ii) (t-Busalen)iron(II)
The product was obtained as in (i) from ferrous acetate dihydrate 
. (0 , 0 1 mol), t-BusalenH2 (0 .0 12 mol), and sodium hydroxide (0.02 mol) in 
96% ethanol. The dry product was a reddish-brown powder which oxidised 
rapidly in air.
Found : C 66.04 % H 6.94 % N 6.25 % Fe 12,63 %
Calc, for C24H3oN202Fe: C 66.36 % H 6.91 % N 6.45 % Fe 12.90 %
(iii) (t-Busalen) pyridine iron (II)
t-Busaleniron(II) was precipitated as in (ii) , then pyridine (20 ml) 
in ethanol (20 ml) was added to the solution, and the mixture was boiled 
for twenty minutes and then allowed to cool. Hie very darlc brown crystals 
which appeared were filtered off and washed twice with 96% ethanol. The 
product was fairly stable in air when dry.
Found : C 67.84 % H 6.82 % N 8.19 % Fe 10.58 %
Calc, for C29H35N30 2Fe: C 67.66 % H 6.84 % N 8.18 % Fe 10*92 %
(iv) (Salphen) iron (II) monohydrate
The product was obtained as in (i) from ferrous acetate dihydrate 
_ 3(7.70 x 1 0 mol) dissolved in dimethylformamide : water ( 1 :1 ) and salphenH2
_ 3(7.76 x 1 0 mol) in dimethylformamide. Hie product was washed with acetone 
and when dry was a fluffy, olive solid, moderately stable in air.
Found : C 62.79 % H 4.26 % N 7.16 % Fe 13.94 %
Calc, for C2oH16N203Fe: C 61.85 % H 4,12 % N 7.21 % Fe 14.43 %
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(v) (t-Busalphen)iron(II)
The product was obtained as in (iv), this compound was a dark olive 
powder, moderately stable in air.
Found : C 79.20 % H 7.80 % N 6.53 % Fe 11.01 %
Calc, for C28H30N2O2Fe: C 78.50 % H 7.48 % N 6.54 % Fe 11.61 %
(vi) (S aldp t) iron (II)
„ 3Salicylaldehyde (2 x 10 mol) and 3,3* -iminobis (propylamine) (1.1 x
-310 mol) were re fluxed in ethanol (20 ml) for 1 hour. The resulting 
Schiff base solution was used for the preparation of the metal complex,
_  3A solution of ferrous chloride tetrahydrate (1 x 10 mol) in water
- 3(80 ml) was added very slowly to a solution of Schiff base ( 1 x 10 mol)
-3in ethanol (20 ml) containing (1.90 x 10 mol) of sodium hydroxide (in 
5 ml water). The red-purple compound was boiled and shaked for 2 hours,
allowed to cool and filtered off. This compound is extremly soluble in
all organic solvents and it oxidised very rapidly in air.
Found : C 60.76 % H 5.74 % N 10.35% Fe 14.50 %
Calc, for C20H23N3O2Fe: C 61.07 % H 5.85 % N 10.69 % Fe 14.25 %
(vii) (5~Chlorosaldpt)iron(II)
The ligand and the compound were prepared as in (vi) from ferrous
„  3chloride tetrahydrate (1.5 x 10 mol) in water (50 ml), and a solution of
- 3Schiff base (1.5 x 10 mol) in ethanol (50 ml) containing two equivalents
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of sodium hydroxide. Hie dark purple product was filtered off and washed 
with about 20 ml of 96% ethanol. This compound oxidised very rapidly in 
air.
Found : C 52.21 % H
Calc, for C2ofi2iH3G2GJ-2F€i: C 51.95 % H
(viii) (5-Nitrosaldpt)iron(II)
Hie product was obtained as in (vi) from ferrous chloride tetrahydrate
_ 3 _ 3
(1 x 10 mol) in water (25 ml) and Schiff base (1.2 x 10 mol) in 96% 
ethanol (75 ml) containing two equivalents of sodium hydroxide. The solid 
was filtered off and washed with water : ethanol (1:2) and then with 96% 
ethanol. This mauve brown compound oxidised when exposed to air.
Found : C 49.75 % H 4.25 % . N 14.13 % Fe 11.44%
Calc, for C20H21N5O6Fe: C 49.69 % H 4.35 % N 14.49 % Fe 11.59%
(ix) Bis (N-propyl-5-t-butylsalicylaldiminato) iron(II)
_ 3Ferrous sulphate heptahydrate (7 x 10 mol) in water and freshly made
_3N-propyl -5~ t-butylsal icylaldemine (15 x 10 mol) in ethanol were reacted 
together as in (i) and the reaction mixture was shaken vigorously. The red 
product was filtered off and washed with ethanol. This compound is extremely 
air-sensitive.
Found : C 67.02 % . H 8.30 % N 5.93 % Fe 10.97 %
Calc, for C^Hq0N2O2Fe: C 68.29 % H 8.13 % N 5,69 % Fe 11.38 %
4.52 % N 8.96 % Fe 12.81 %
4.54 % N 9.09 % Fe 12.12 %
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(x) Bis(5-t-butylsalicylaldehydato)bis(pyridine)iron(II)
Hie product was obtained as in (ix) from ferrous sulphate heptahydrate 
- 3  _ 3
(8 x 10 mol) and t-butyl salicylaldehyde (16.9 x 10 mol) in pyridine
(25 ml) . Hie black precipitate was filtered off and washed with pyridine : 
water (1 :1 ).
Found : C 67.53 % H 6.36 % N 5,01 % Fe 9.33 %
Calc, for C32H36N204Fe: C 67.61 % H 6.34 % N 4.93 % Fe 9.86 %
All compounds ( except (salen) iron (I I) and (salphen)iron(II) mono­
hydrate ) are new.
3.5,4. Preparation of Nitric Oxide Derivatives
Hie apparatus and method used in the present work for the preparation
218of the nitrosyls were as described by King.
Nitrosyls of the cobalt Schiff base complex can be prepared either :
(a) by mixing solutions of cobalt(II) acetate and the Schiff base in an 
atmosphere of nitric oxide, or (b) by reacting nitric oxide with the pre­
formed Schiff base complex suspended in a suitable solvent. Of these
methods , the first gave purer products particularly when dimethylformamide
218was used as the solvent. But as noticed by King when this method,' (a),
was used to prepare the corresponding iron nitrosyls, oxo-bridged compounds 
formed by the oxidation of the iron Schiff base complex by the nitric oxide 
were the preferred products. Hie nitrosyls of the iron(II) Schiff base 
complexes were prepared by the second method, (b), by reacting nitric oxide
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with the preformed Schiff base complex suspended in 96% ethanol. No 
correction was made for the vapour pressure of the solvent and nitric oxide 
was let into the reaction vessel without previous equilibration. However, 
if the suspension wras left unstirred until the gas burette and apparatus 
were filled with nitric oxide, the gas uptake could be measured with reason­
able accuracy even though some reaction appeared to occur before the
mercury in the gas burette had been levelled.
(i) Nitrosyl(t-Busalen)cobalt .
-3A solution of cobalt(II) acetate tetrahydrate (3 x 10 mol) in di­
methyl formamide wras added slowly to a solution of 5-t~BusalenH2 
-3(3.1 x 10 mol) in the same solvent with constant stirring under nitric 
oxide. One mole of nitric oxide was absorbed per mole of cobalt. The 
compound which separated was filtered off, washed twice with deoxygenated 
water and once with 96% ethanol. The product is an air-stable greenish-
brown compound. Nitric oxide uptake, 1.10 mole.
Found : C 61.54 % H 6.60 % N 9.05 % Co 12.64
Calc, for C24H 30N3O3Co: C 61.67 % H 6;42 % N 8.99 % Co 1-2.63 %
(ii) Nitrosyl(t-Busalen)iron
t-Busaleniron(II) was obtained as in section 3.5.3b(i) from ferrous
—  2  ^acetate dihydrate (1.04 x 10 mol) and 5-t-BusalenH2> ( 1.07 x
-210 mol), Hie reddish-brown precipitate was filtered off and resuspended 
in 96% ethanol in a flat-bottom flask containing a magnetic stirrer. The 
nitrogen atmosphere was replaced by nitric oxide and the nitric oxide up-
o\<=>
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take measured at room temperature, the solution being continuously stirred. 
The product was air-stable and green. Nitric oxide uptake, 1.03 mole.
Found : C 61.72 % H 6.46 % N 8.69 % Fe 12.85 %
Calc, for C2lfH30N3O3Fe: C 62.07 % H 6.47 % N 9.05 % Fe 12.07 %
(iii) Nitrosyl (t-Busalen) pyridineiron
(t-Busalen) pyridineiron( 11) which was obtained as in section 3.5.3b
(iii) was resuspended in 96% ethanol and the nitrosyl was obtained as in
(ii) . The analysis of iron and the colour of the product, as well as the 
infra-red spectrum, suggested that the compound was the nitrosyl (t-Busalen) 
iron which formed by replacing pyridine by the nitric oxide. Nitric oxide 
uptake, 0.87 mole.
Found ; Fe 11.53 % Calc, for C24H30N3O3Fe : Fe 12.07 %
(iv) Nitrosyl(salphen)iron
(Salphen) iron (I I) monohydrate was prepared as in section 3.5.3b(iv)
_  3from ferrous acetate dihydrate (4.76 x 10 mol ) and salphen (4.77 x 
- 310 mol). The nitrosyl was obtained as (ii). The product was filtered
off and washed with acetone. It was an air-stable, light brown powder.
Nitric oxide uptake, 0.89 mole.
Found : C 60.29 % H 3.33 % N 10.28 % Fe 13.96
Calc, for C20HmN 3O3Fe: C 60.00 % H 3.50 % N 10.50 % Fe 14.00
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(v) Nitrosyl (t-Busalphen) iron
The product was obtained as in (iv), from ferrous acetate dihydrate
„  3 _  3(6.85 x 10 mol) and 5-1 ~BusalphenH2 (6.86 x 10 mol). This compound
was an air-stable, light brown powder. Nitric oxide uptake, 0.89 mole.
Found : C 65.21 % H 6.13 % N 7.68 % Fe 10.61 %
Calc, for C28H3oN303Fe: C 65.63 % H 5.86 % N 8.20 % Fe 10.93 %
(vi) Nitrosyl (saldpt) iron
(Sal dpt) iron (I I) which was prepared as in section 3.5,3b(vi) from
- 3  _  3ferrous chloride tetrahydrate (9.48 x 10 mol), saldptH2 (9.15 x 10 mol),
_ 3and sodium hydroxide (1.80 x 10 mol) was filtered off in a weighed vessel, 
and resuspended in 96% ethanol in a flat-bottomed flask containing a 
magnetic stirrer. The nitrogen atmosphere was replaced by nitric oxide 
and only one mole of nitric oxide per mole of compound let into the vessel 
little by little. Hie solution being continuously stirred and shaken. Hie 
green product was moderately stable in air.
Found : C 55.44 % H 5.04 % N 12.73 % Fe 12.81
Calc, for C20H23Ni+O3Fe: C 56.73 % H 5.44 % N 13.24 % Fe 13.23 %
(vii) Nitrosyl(5-nitrosaldpt)iron
(5-Nitxosaldpt)iron(II) was prepared as in section 3.5.3b(viii) from
_ 3 -  3ferrous chloride tetrahydrate (3 x 10~ mol), Schiff base (3.2 x 10~ mol)
_ 3and sodium hydroxide (6.0 x 10 mol). The nitrosyl was obtained as in
©
\o
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(ii). The dry product was a greenish-brown powder, 
the air. Nitric oxide uptake, 1.10 mole.
Found : C 47.67 % II 4.43 %
Calc, for C20H21 l&07Fe: C 46.78 % H 4.09 %
stable when opened to
N 15.57 % Fe 10.68
N 16.37 % Fe 10.92
All of the nitrosyls are new compounds except the salphen derivative.
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3.6.1 The Cobalt Complex (t-Busalen)Cobalt(II)
(i) Magnetic Measurement
Cobalt (I I) with the 3d configuration can form compounds containing 
one or three unpaired electrons.
The cobalt(II) complex of t-Busalen was investigated. As shown in 
Table 3.2 and Figure 3*8, this complex obeyed the Curie-Weiss law with
9 - +10° and effective magnetic moment, \i&££ ~ 2.38 B.M. at room tempera­
ture. Therefore the cobalt ion in this complex contained one unpaired 
electron, although the experimental moment was higher than the spin-only
value of 1.73 B.M.; the increase in moment could he due to considerable
219orbital contribution as has been shown by Figgis and Nyholm for spin-
paired planar cobalt(II) complexes. Or it could be due to existence of
220 221some high-spin species in the complex. 9 The magnetic moment is m
208good agreement with that reported by Larkworthy et al* for (salen)- 
cobalt and related complexes.
(ii) Infra-red Spectrum
The infra-red spectrum of (t-Busalen) cobalt (II) was recorded for 
comparison with the nitrosyl complex. The spectrum was also used to 
demonstrate the absence of water in this complex (no absorption above 
3100 cm X).
3.6 RESULTS AND DISCUSSION
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(iii) Visible and Ultra-Violet Spectrum
Hie solution spectra of a variety of low-spin cobalt(II)-Schiff
222base complexes have been reported by Nishikawa and Yamada, who found
_lthat the spectra all showed a weak, sharp peak at about 8500 cm and
_i  222much more intense absorption above 18000 cm . It was suggested
_ithat the peak at about 8500 cm , which was tentatively assigned to a
spin-forbidden transition, is characteristic of the presence of planar,
223 224low-spin cobalt(II) „ More recently, Busetto et al. 5 have reported 
the reflectance spectra of the (salen)cobalt dimer and (salen)cobalt.py. 
In the present study the reflectance spectrum of (t-Busalen) cobalt was
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recorded  over th e  range 5000-50000 cm a t  room tem peratu re . The en erg ies
o f  th e  band maxima a re  l i s t e d  in  Table 3.3 agree w ell w ith  those re p o rte d
222 223 225fo r  th e  a c tiv e  form o f  (s a le n )c o b a lt  p re v io u s ly . ’ ’
Hie re f le c ta n c e  spectrum  o f  th i s  complex (F igure 3.9) shows th e
ty p ic a l  ab so rp tio n  band a t  about 8300 cm fo r  a p la n a r c o n fig u ra tio n .
_1
1 The peaks observed below ~6500 cm in  th i s  complex could  be due to  over-
225tones o f  lig a n d  v ib ra t io n s  an d /o r sp in -fo rb id d en  t r a n s i t io n s .  The band 
a t  -18000 cm may w ell be due to  t r a n s i t io n s  w ith in  th e  u n f i l le d  3d
s h e l l  o f  th e  m etal io n , b u t th e re  i s  co n sid erab le  overlap  o f  th e  band w ith
* _ l
the  s tro n g  it — tt t r a n s i t io n s  (30000-20000 cm ) .
TABLE 3.2
Magnetic Data fo r  (t-B usalen ) C o b a lt(II)  and N itro sy l Compound.
Complex. XA-iC6
-1
XA .10 T(°K) Bg££(B.M.)
(t-B u sa len )co b a lt 2425 4.12 293.0 2.38
2679 3.73 263.0 2.37
2938 3.40 230.5 2.33
3418 2.92 198.5 2.33
3982 2.51 166.0 2.30
4782 2.09 136.0 2.28
6127 1.63 104.0 2.26
7075 1.41 90.0 2.26
0 = +10°
Diamagnetic c o rre c tio n  = -184
—  6
x 10 c .g . s .u .
Complex
6
XA«10
_1 _2 
xA - io T(°K) ye f f (B.M.)
N itro sy l( t-B u sa le n )-  217 0.71
c o b a lt
_6
Diamagnetic c o rre c tio n  = -182 x 10 c .g . s .u .
CO
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_1• Complexes cm
(t-Busalen)cobalt 5555, 5920, 6410(sh)* 8280, 19000,30300,
40000, 46510.
Nitrosyl(t-Busalen)cobalt 5350(sh), 5650(sh), 5780(sh), 5900,
6170(sh), 26320, 33300, 39500, 47160.
(*) sh = shoulder.
TABLE 3.3
The Band Maxima for (Salen)Cobalt(II) and its Nitrosyl Compound.
3.6.2 Nitrosyl Complex of (t-Busalen)Cobalt
The (t-Busalen)cobalt(II) complex reacts rapidly with nitric oxide 
to give a product analysing as a mononitrosyl.
(i) Infra-red Spectrum
The spectra of nitrosyl(t-Busalen)cobalt and the parent complex in 
the appropriate region are shown in Figure 3.10. The nitrosyl shows a 
strong, additional absorption at 1620 cm*"1 which overlaps with the 
absorption due to the C=N stretching vibration of t-Busalen (at 1610 cm”1), 
and has been assigned to the nitric oxide stretching frequency.
In both the iron and cobalt nitrosyls, the N-0 frequency occurs in
I "1 vnthe range previously assigned to the coordinated nitrosonium ion, [NO] .
208On this basis, Larkworthy et al. considered the cobalt' nitrosyls
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formally contain cobalt (I) and [NO] since the alternative assumption,
that they contained cobalt (III) and [NO] , did not seem compatible with
the assignment of the infra-red frequency to coordinated [NO] , since
. [NO] is isoelectronic with oxygen which has a Raman-active stretching
 ^I jyg 176frequency at 1555 cm . Gans later predicted that the range 1500- 
1700 cm 1 might represent coordination [MO] and the cobalt nitrosyls 
were reformulated as Co(III)/[NO]
(ii) Magnetic Measurement
The nitrosyl compound of (t-Busalen)cobalt(II) was found to have a 
magnetic moment at room temperature of about 0.70 B„M., which is well 
below that expected for one unpaired electron, and the compound is essen­
tially diamagnetic (Table 3.2)« In this case the compound could be 
considered to contain cobalt(III) and [NO]" or cobalt(I) and [NO]*. 
However, as the NO stretching frequency is in the range for coordinated 
[NO] , the conclusion is that the nitrosyl is best described in terms 
of cobalt(III) and [NO] . This implies that nitric oxide is acting as 
an oxidising agent, and this has been found to be true in studies of 
related iron(II) and manganese (II) complexes 0 This is also consistent 
with the stablity of this complex to air, but coordinated nitric oxide 
may hinder attack by oxygen.
(iii) Visible and Ultra-Violet Spectrum
The spectrum of nitrosyl(t-Busalen)cobalt has been recorded. 'This 
spectrum has an additional intense band at 5900 an" 1 in comparison with 
the spectrum of the parent compound (Table 3.3 and Figure 3,9). Hie 
intense ligand absorption precludes any further assignments.
4”
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(i) Magnetic and Mossbauer Results
Iron (I I) has a 3d outer electronic configuration and in complexes
can have four, two, or no unpaired electrons. As shorn in Table 3.4 and
Figures 3.11 - 3.17, the Schiff base complexes obeyed the Curie-Weiss
law with small or zero values of q and room temperature magnetic moments
in the range 4.60 - 5.35 B.M. All were therefore high-spin with four
*+ 2unpaired electrons (t2 e configuration).
All the Schiff base complexes described here are analytically and 
magnetically pure, except (t-Busalphen)iron(II), for which there is 
contamination by ferromagnetic impurities. The available Mossbauer data 
are reported in Table 3.5.
The most common stereochemistry for high-spin iron(II) complexes
is octahedral, and a room temperature magnetic moment of -5.5 B.M. is
expected. But increasing electron delocalization and distortion from
cubic symmetry cause the magnetic moments to approach the spin-only value
(4.9 B.M.), and to vary little with temperature.^0 Larkworthy et al.^ °
suggested from the magnetic behaviour of some iron complexes with salen
and some substituted bases that they had highly distorted octahedral or
even a planar structure with considerable delocalization. The same
conclusion has been reached by Calderazzo et al.^ DeVries et al.^5
showed that the Mossbauer data reported by Burger et al., which were
difficult to understand for (salen) iron (I I) complexes, were in fact
66obtained from oxidised products. Later, Larkworthy et al. and de Vries 
67et al. reported data for unoxidised (salen) iron (II), and showed that
3.6,3 Schiff Base Complexes of Iron(II)
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TABLE 3.4
M agnetic S u s c e p t ib i l i ty  Measurements on I ro n (II )  S c h if f  base 
Complexes.
Complex • i—* o
cn -1 _2 
xA -10 T(°K) ^eff(B*M .)
(t-B u sa len ) i ro n ( I I ) 10950 0.91 293.0 5.06
12240 0.81 263.0 5.07
13950 0.71 230.5 . 5.07
16160 0.61 198.0 5.06
19400 0.51 167.0 5.09
23950 0.41 135,5 5.09
31480 0.31 104.0 5.12
36950 0.27 91.5 5.20
CD II o o
D iam agnetic c o rre c tio n = -184 x 10~6 c .g .s .u .
Complex xa *1q6
10-^ 
XA *iU T(°IC) yef f  (B«M.)
( t - B u s a le n ) i r o n ( I I ) . 11120 0.899 293.0 5.11
p y rid in e 12350 0.809 263.0 5.10
13610 0.734 230.5 5.01
16460 0*607 198.5 5.11
18860 0.530 166.5 5.01
24060 0,415 135.5 5.11
31330 0.319 104.0 5.09
36170 0.276 90.0 5.10
e » o°
Diam agnetic c o r re c t io n -  -166 x 10"
6
c .g . s .u .
co n t.
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TABLE 3.4 (Cont.)
Complex £ • 1—
1 o
CTt _1 _2 
XA *10 T(°K) Ve££(B.M.)
B is (N -p ro p y l-5 -t-b u ty l-  
s a l ic y la ld im in a to ) -  
i r o n ( I I )
9053
9983
11270
1.10
1.00
0.88
293.0
263.0 
230.5
4.60
4.58
4.56
13100 0.76 198.5 . 4.56
15660 0.63 166.5 4.57
19210 0.52 136.0 4.57
25260 0.39 104.0 4.58
29220 0.34 90.0 4.58
0 - 0 °
Diamagnetic c o r re c t io n  = -330 x o
i cn
c . g . s .u .
Complex xA .io6 xa" - 10’ 2 T(°K) Ue £ f (B.M.)
( s a ld p t) i ro n ( I I ) 10620
11980
0.94
0.83
293.0
263.0
4.99
5.01
13220 0.75 230.5 4.94
15360 0.65 198.5 4.94
18220 0.54 166.5 4.93
22310 0.44 136.0 4.92
29880 0.33 104.0 4.98
33930 0.29 90.0 4.94
0 - 0 °
Diamagnetic c o r re c t io n  = -104 x
_6
10
Cont.
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TABLE 3.4 (Cont.)
■ Complex XA-10'
_1 -2 
xA . 1 0 T(°K) Pe f f (B.M.)
(5 ~ C lsa ld p t) iro n (II) 12240 0.81 293.0 5.35
13540 0.73 263.0 5.34
15510 0.64 230.5 . 5.35
18030 0.55 198.5 5.35
21290 0.46 166.5 5.32
25850 0.36 136.0 5.30
33040 0.30 104.0 5.24
37680 0.26 90.0 5.21
0 = 6 .25°
Diamagnetic c o rre c tio n = 139 x 10“ 6 c .g . s .u .
Complex XA#1° 6
-1 „2 
xA -10 T(°K) Bgff(B»M.)
(5-N02 sa ld p t)  iro n  ( I I ) 9923 1.00 293.0 4.82
11190 0.89 263.0 4.85
12620 0.79 230.5 4.82
14740 0.67 198.5 4.83
17500 0.57 166.5 4.83
21570 0.46 136.0 4.84
27940 0.35 104.0 4.82
32120 0.31 90.0 4.81
oot!CD
Diamagnetic c o rre c tio n
„6
= 118 x 10 c .g . s .u .
.{ ’
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bidentate and quadridentate Schiff base complexes of iron are probably 
six-coordinate through intermolecular interactions, because the quadrupole 
splittings were small for planar complexes.
TABLE 3.5
Mossbauer Results of Iron(II) Complexes (at 7S K)
Complex -I * 6 (mm sec ) AB(mm sec *)
(t-Busalen) iron (I I) 0.99 2,35
(t-Busalen) pyridineiron (II) 0.82 1.99
(N0 2saldpt) iron (I I) 0.85 2.70
Bis(N-propyl-t-butylsalicyli~ 
deneiminato) iron (I I)
0.76 2 .2 1
Bis(t-butylsalicylaldehyde)- 
bis(pyridine)iron(II)
1.07 2.17
(*) The isomer shifts are with respect to natural iron.
Although most high-spin iron(II) complexes are octahedral, several
227-229tetrahedral compounds are also known. These tetrahedral compounds
have room temperature magnetic moments in the range 5.0-5.4 B.M. and
- 1  ? ? Qisomer shifts between 0.87-1.02 mm sec . 5
Examples of planar iron(XI) compounds are rare; phthalocyanineiron- 
230 231(II), * which is believed to be in an intermediate (S = 1) spin-
paired state has four nitrogen donor atoms, and gillespite, BaFeSiqOi09
which contains high-spin iron(II) with magnetic moment of 5.12 B.M.,
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has planar coordination to oxygen atoms. Gillespite has an isomer
shift-typical for high-spin iron(II) but an unexpectedly small quadrupole
233splitting with little temperature dependence.
Pentaco-ordination in high-spin iron(II) complexes Is also rare.
84 234—238Hie few examples * have room temperature magnetic moments in the
range 4.9-5.4 B.M. Hie stereochemistry of these complexes are not well-
234known. It has been suggested that Fe(terpy)Br2 (terpy ~ terpyridine)
has a pentaco-ordinate structure nearer to square-pyramidal than tri-
gonal-bipyramidal and the Mossbauer data for this complex have been
obtained. Some Mossbauer studies of five-coordinate high-spin iron(II)
complexes indicate that this coordination environment is often associated
with relatively large quadrupole effects. For instance the monoterpyridyl 
233ferrous halides show quadrupole splitting (aE) ranging from 2.7 to
3.2 mm sec . Even larger values are found for five-noordinate complexes
239 240of some macrocyclic ligands. * And it is believed that these very 
large values of the quadrupole splitting are not uniquely'^ characteristic 
of high-spin five-coordinate iron (I I), but depend on peculiarities of the 
particular coordination environment.
In principle, the s-electron density at the nucleus of an iron complex, 
in a given oxidation state, should differ depending on the occupancy of 
the 3d orbitals in different stereochemistries. Therefore, moderate 
differences should be observable in isomer shift values for different co­
ordination geometries. However, with so many variables possible between 
different chemical systems,, it is only reasonable to compare systems with
equivalent or nearly equivalent ligands. Change in coordination number
228
232
produces changes in isomer shift. Table 3.6 shows the correlation of
156
Correlation of Isomer Shift and Coordination Number for Silicate
233Minerals Containing High-spin Iron (I I).
TABLE 5.6
C.N^ Stereochemistry 6 (mm sec
4 Square planar 0.75
4 Tetrahedral 0.82 -0.99
6 Octahedral 1.03 - 1.23
8 Distorted Cube 1.31
(a) C.N. = Coordination number.
(b) Isomer shift with respect to the natural iron.
isomer shift and coordination number for minerals containing high-spin 
iron(II). The quadrupole splitting, AE, depends on the electric field 
gradient experienced by the iron atom which is dependent on the 3d- 
electron distribution and the stereochemistry of the molecule. The more 
distorted the molecule the greater will be the quadrupole splitting, so 
evidence relating to the stereochemistry of iron complexes may be obtained 
also from the quadrupole splitting, AE.
The Mossbauer isomer shifts obtained in the present work indicate 
'that all the complexes are high-spin iron(II), (Figure 3.5), in agree­
ment with the magnetic results.
The MSssbauer data are closer to the results obtained for Fe(terpy)-
234Br2 which has a distorted square-pyramidal structure rather than to
232the planar gillespite structure. But still the 5-coordinate
- lcompound Fe(terpy)Br2 has a larger quadrupole splitting (2,76 mm sec )
157
than the present compounds (Table 3.5).
It is generally accepted that FeL2L2 (L = 3 -diketonate or salicyl­
aldehyde ; L’ = H20, NH3, pyridine or piperidine) complexes contain six- 
66 67 241coordinate iron. 9 9 Hie similarity of the quadrupole splitting of
bis(t-butylsalicylaldehyde)bis(pyridine)iron(II) and the other compounds 
allow us to propose a six-coordinate structure for the complexes with 
bidentate and quadridentate ligands. This can be achieved by polymeri­
zation in the case of (t-Busalen) iron(II), (as has been observed for
3Schiff base complexes of the other metals ), and dimerization for 
(t-Busalen) iron.py. As mentioned before, six-coordination is very common 
for high-spin iron (I I) and in these complexes it may occur through 
formation of intermolecular Fe-O-Fe bonds, using lone-pair electrons of 
the oxygen atoms. Similar suggestions were made for (salen)iron(II) and 
related compounds. 66 ? 67
Magnetic moments near the spin-only value which are almost tempera-
42ture independent, indicate considerable distortion from regular octa­
hedral symmetry, but do not distinguish between a planar monomeric 
structure, and five- or six-coordination through oxygen bridges. Only 
crystallographic investigations can distinguish between these structures 
in iron (I I) compounds with certainty.
If the structures of these compounds are polymeric or dimeric, then 
some magnetic interaction between the metal atoms may be expected as in 
the proposed dimeric structures for (salen)manganese4^ ?43 and (salen)- 
iron (111) chloride.4  ^ Any interaction would reduce the magnetic moment 
and cause considerable deviation from the Curie law. However, no
such anomalous magnetic behaviour was observed, but this does not preclude
158
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a polymeric structure as the (salen)copper(II) dimer is magnetically 
normal. In this structure the Cu-0 bond distance between the monomer 
units is large enough to prevent any appreciable Cu-Cu interaction. 
Similarly, large Fe-0 bond distances may be present in a polymeric form
fLfi f n
of (t-Busalen)iron(II) as has been proposed for (salen)iron(II). 9
MSssbauer data of (salen)iron(II) reported previously and those obtained 
in the present work are shown in Table 3,7. Although the .low isomer 
shifts of the present complexes could be due to a lower coordination 
number, these might be caused by distortion of the complex by the 
bulky t-butyl groups on the rings.
The Mossbauer data obtained for (N02saldpt)iron(II) .are similar to 
those obtained for the five-coordinate Fe(terpy)Br2 (Tables 3.5 and 3.7). 
Hius the third nitrogen atom could be coordinated to the iron, as has 
been found in the case of other transition metal complexes with this
75type of ligand, to give high-spin, five coordinate monomeric structures.
76 7 7For instance, in the nickel complex of (saldpt) and (salMedpt), the
metal atom has show to have distorted trigonal bipyramidal geometry.
The complexes (saldpt)iron(II), (Clsaldpt)iron(II) and (N02saldpt)-
iron(II) are all airsensitive even in the solid state, as mentioned in
the experimental chapter, and none of them is hydrated in contrast to
84those reported recently. Although the preparation method was very
similar to that used in the present work, hydrated compounds were
reported. Differences of -0.4 B.M. in the values of effective magnetic
moments were observed between the complexes prepared in this work and
84with those reported by Niswander and Martell. This could be due to 
small differences in the preparative techniques for these highly air- 
sensitive compounds.
160
Infra-red spectra of the Schiff base complexes of iron(II) were 
recorded for comparison with the nitrosyls. The spectra were also used
to demonstrate the absence of water in (saldpt)iron(II) and other
84 -lcompounds unlike those reported recently. The peak around 3300 cm
which was assigned to -OH stretching is not observed in the present
compounds with pentadentate ligands. Also, there is no peak around 
-13150 cm due to -OH stretching in the spectrum of (t-Busalphen) iron(II) 
as has been found in (salphen) iron (I I) monohydrate.
The infra-red spectra of all the compounds show the Schiff base
O N  stretching frequency around 1620 cm . In the complexes with the
pentadentate ligands the N-H stretch, is also observable as a medium-
_isharp peak just above 3200 cm .
57It has been shown from careful comparison of infra-red spectra in 
„ ithe 800-900 cm region, of a series of Schiff base complexes, that it 
is possible to assign monomeric or dimeric structures. In the case of 
iron and cobalt complexes with t-Busalen as ligand, because of similarities-
„ i(Table 3.8) of the spectra in the 800-900 cm region of nitric oxide 
complexes and the parent complexes, this is very unlikely to be useful 
(see Table 2.11 also), unless compounds of known structure are available 
for comparison.
For the rest of the ligands, we have only a small number of examples 
of each, therefore it is very difficult to draw any conclusions.
(ii) Infra-red Spectra
161
TABLE 3.8
i
Infra-red Spectra in the region 800-900 cm" for Cobalt and Iron Complexes.
- l  *Complex cm
Co (t-Busalen) 885w 865w 832s 828s
Fe(salen) 900m 890w 860s 845m
Fe (t-Busalen) 88 5w 850s 836s
Fe(salphen).H20 860w 850s 840w 800w
Fe (t-Busalphen) 888w 882w 870w 862w 835s
Fe(saldpt) 880s 850s 830w 800w
Fe(Cl-saldpt) 885w 865m 860m 840m,835m,822s
Fe(N02-saldpt) 890w 865w 835s,830m
Co(t-Busalen)NO 880w 850s 830s
Fe(t-Busalen)NO 880m 850s 836s
Fe (salphen) NO 865w 850m 805s
Fe (t-Busalphen) NO S70w 845w 833m 810w
Fe (saldpt) NO 900m 880m 870m 850m 830w
Fe(N02-saldpt)NO 900m 895w 845s 840s 825s 810w
(*) s=strong ; m=medium ; w=weak.
(iii) Visible and Ultra-Violet Spectra
The electronic absorption spectra of the Schiff base iron(II)
• . _ lcomplexes have been recorded in the range 5000-50000 cm , and are all
similar (Figures 3.18 and 3,19; and Table 3.9).
242Octahedral high-spin iron(II) complexes are expected to show one
5 sweak spin-allowed d-d transition, T2 — *+ E , in the near-infrared region 
■ _i ft 8 _ '
(10000 cm ) but usually distortion from octahedral symmetry causes one
very broad and asymmetric band or two bands to appear. The spectra of
162
the complexes do not resemble the spectra of octahedral iron(II) complexes
_l
closely, because the band at ca. 6000 cm is lower than is usually
observed. However, for the complex (t-Busalphen) iron (I I) a second band
_1 5at 12700 cm was observed, so these bands could be ascribed to T2 — •+
it §
5 67Eg as in the case of Fe(salen).
All other higher energy bands are probably charge-transfer or 
internal ligand transitions.
Because the spectra of (saldpt)iron(II) and (Cl-saldpt)iron(II), 
are similar to the spectrum of the complex (N02~saldpt) iron(II)
(Figure 3.19), it could be that all these compounds have similar structures. 
By considering results obtained from Mossbauer spectroscopy for the 
latter compound, it could be suggested that (saldpt)iron(II) and 
(Cl-saldpt)iron(II) are also five coordinate and monomeric. The small 
shift in the peak position in the spectrum of (saldpt)iron(II) in 
comparison with (Cl-saldpt)iron(II) and (N02-saldpt)iron(II) is probably 
the result of a slightly different structure.
For (t-Busalphen) iron(II) there should be a general shift toward 
lower energy, because of the introduction of the phenylene group and 
increasing conjugation (see Table 3.9 and Figure 3.18). Unfortunately, 
magnetic and Mossbauer measurements for this complex, because of ferro­
magnetic contamination, were not possible, hence it is very difficult 
to suggest any probable structure for this compound from consideration 
of the reflectance spectrum only.
•*
'.4.
£
0i—i
cdAPSPQ1•P
PM
Pi0rH
cd
A
P$pqi+->
0 0  0
PM PM PM
S•at-i
cd
A
(3i+->V—/
0
163
‘.bfrTvPr/l-
38MIS
H S f t
0 m §mm®*
Q
o
wa
ve
le
ng
th
 
(nm
)
164
p  
&  
i—I
P  cd 04 w !
rH CM 
cd Q  W JZ
p
%rH
CdtoirHCJ
0 0 0fe PH- fe
T '&hJA '! - Kf&H'* -'S-fo V., '~  \  •
«
d
wa
ve
le
ng
th
 
(nm
)
165
TABLE 5.9
Reflectance Spectra of Schiff Base Iron(II) Complexes
_i- compound band maxima, cm
Fe(salen) 5400, 20000
Fe (t-Busalen) 5810, 18870, 29850, 38460, 46080
Fe(t-Busalen).py 6580, 19050, 29150, 39220, 46510
Fe(t-Busalphen) 5920, 12740, 17390, 22990, 26670
Fe(saldpt) 5950, 7140, 19230, 29410, 38460, 46510
Fe(Cl-saldpt) 5990, 6370, 18520, 25480, 33900, 37740, 44050
Fe(N02-saldpt) 6670, 19230, 25000, 30770, 37740,, 45450
Fe bis(N-propyl- 
t-Busalicylideneime)
5920, 8400, 13890, 18870, 38910, 46510
166
3.6.4 Bis (N-propyl-t-butylsalicylideneiminato) iron(II)
The magnetic (Table 3.4) and Mossbauer data (Table 3,5) for the 
iron(II) complex of the bidentate ligand, N-propyl-t-butylsalicylidene- 
imine, show the complex to be high-spin iron (I I). The Mossbauer data 
obtained for this compound are similar to the data found for the other 
complexes (Table 3.5). Hie lower isomer shift could be due to a lower 
coordination number in this complex (see Table 3.7).
The observed magnetic moment is 4.6 B.M., which is below the spin-
only value. As 0 =0, antiferromagnetic interactions are unlikely, but
dimeric or even polymeric arrangements are possible as has been suggested
. 6 7for the six-coordinate complexes Fe(R-sal)2, these have higher isomer 
shifts. The t-butyl group could account for a difference in coordination 
number.
However, the reflectance spectrum of this compound shows a very
Z.1broad and asymmetric band at 8400 cm and another at 5900 cm which
242are typical for distorted octahedral symmetry. The other bands at 
higher energy are similar to those found for complexes with pentadentate 
ligands (Table 3.9), and are probably due to charge-transfer or 
internal ligand transition.
I f - '
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3.6.5 Bis(t-butylsalicylialdebydato)bis(pyridine)iron(II)
As shown in Table 3.10 and Figure 3.17 this complex has normal 
magnetic behaviour. Hie room temperature magnetic moment of 4.98 B.M. 
shows the complex is high-spin with four unpaired electrons. Hie 
magnetic moment is almost independent of temperature. As has been 
described previously, octahedral, high-spin iron(II) complexes are 
expected to have four unpaired electrons and effective magnetic moments 
of ~5.5 B.M. at room temperature. Any distortion from cubic symmetry 
will cause the magnetic moments to approach the spin-only values 
(4.9 B.M.) and vary little with temperature.
„iHie Mossbauer data show an isomer shift (1.067 mm sec ) typical for
„ihigh-spin iron(II) complexes. The quadrupole splitting is 2.165 mm sec 
indicating considerable distortion from cubic symmetry and confirms the 
results obtained from the magnetic measurements.
TABLE 3.10
Magnetic Susceptibility Measurement on Bis(t-butylsalicylialdehydato) 
bis (pyridine) iron(II) .
xa-1q6
- 1 _2 
XA '10 T(°K) ye££(B.M.)
10602 0.94 293.0 4.98
11869 0.84 263.0 5.00
13514 0.74 230.5 4.99
15696 0,63 198.5 4.99
18617 0.53 166.0 4.97,
22867 0.43 135.5 4.98
30051 0.33 104.0 5.00
34717 0.28 90.0 5.00$
0 = 0
.Diamagnetic correction = -263 x 10“ 6 c.g.s.u*
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Hie iron(II) complexes of the quadridentate ligands, t-Busalen ,
salphen, and t-Busalphen, absorb one mole of nitric oxide per mole of
complex, within the e x p e r im e n ta l  accuracy, (see section 3.5.4). Hie
iron (II) complexes of the pentadentate ligands absorbed more than two
moles of nitric oxide and although the infra-red spectra of these
compounds showed tiro very broad and weak additional bands between 
_i1700-1800 cm the analytical data did not agree with those expected for 
a dinitrosyl and it seems that some reaction has taken place in the 
solution which needs careful further investigation. However, pure 
samples of the mononitrosyl derivatives of the complexes containing 
pentadentate ligands could be prepared if only one mole of nitric oxide 
wTas introduced into the vessel (see section 3.5.4(vi), (vii)).
Quadridentate Schiff base ligands such as salen takeup effectively 
planar configuration around bivalent metals. But it has been assumed 
that the cobalt- 2^8 and iron- 64,209 sa-^en m0nonitrpsyls obtained from 
various Schiff base complexes usually have pentacoordinate structures.
Also in this discussion, monomeric, square-pyramidal structures for the 
nitrosyl complexes of quadridentate ligands, and octahedral structures 
for mononitrosyl complexes of pentadentate ligands (saldpt, etc.) have 
been assumed,
(i) Magnetic Measurements
Hie magnetic moments of the compounds at room temperature were between 
3.77-4.29 B.M,, the value expected for three unpaired electrons. These
3.6.6 Schiff Base Complexes of Iron Nitrosyls
170
and related nitrosyls^ ’ and a more-recently prepared glycine compound,
207Fe {CH 2(NH 2) CO 2}2N0, are the only reasonably stable high-spin iron
nitrosyls know.
Hie magnetic results are summarized in Table 3.11. A minor 
difference, "0.2 B.M., in the absolute values of magnetic moments of the 
mononitrosyl (salphen) iron complex was observed between the preparation 
in this work and those reported previously. This is probably due to 
differences in preparative technique.
Nitrosyl(salphen)iron did not obey the Curie-Weiss law (Table 3.11 
and Figure 3.25) and had a discontinuity in magnetic properties at
-155-185 K where the magnetic moment decreases from that for three unpaired
3 ]electrons (S = to that for one unpaired electron (S = ~) . Similar data
64*for this compound have been reported. The temperature ranges which wore 
investigated above and below the discontinuity were not large, but the 
results suggest Curie-law behaviour at temperatures below the discontinuity 
and Curie-Weiss behaviour with a very large q value above it. The magnetic 
measurements wore made from high to low temperature. Larkworthy et. al. 
have shown for nitrosyl (salen) iron that the discontinuity occurred at a 
slightly higher temperature when measurements were made in the opposite 
direction. It was also shown that the magnitude of the discontinuity 
also varied with preparation.
Hie other nitrosyl -complexes obeyed the Curie-Weiss law with small 
9 values and effective magnetic moments varying slightly with temperature 
(Table 3.11).
The magnetic behaviour of the complexes showed a lowering of magnetic 
moment with temperature except that of Fe(N02-saldpt)N0, for which the
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magnetic moment increased slightly with temperature. If magnetic
measurements on nitrosyl (salphen) iron had been restricted to temperatures
above the discontinuity, a similar result to those found for the other
compounds would have been obtained. To observe the complete curve,
measurements on the compounds at lower temperature (e.g. down to 4.2 K)
are necessary. . It is therefore suggested that these nitrosyl compounds,
like nitrosyl (salphen) iron, may well undergo spin-state isomerism, but
3 1the proportions of S = and S = — isomers change much more slowly with 
temperature.
The nitrosyl compounds studied here have room temperature magnetic 
moments slightly different from the spin-only value for three unpaired
174
TABLE 3.11
Magnetic Susceptibility Measurements on Schiff Base Complexes of 
Iron nitrosyls.
Complex
voOi—1 _1 _2 xA .10 T(°K) Pe f f (B.M.)
Nitrosyl(t-Busalen) - 6130 1.63 293.0 3,79
iron 6210 1.61 263.0 • 3.61
7522 1.32 230.5 3.72
7700 1,29 198.5 3.50
10310 0.97 166.0 3.70
12490 0 .80 136.0 3.68
15970 0.62 104.0 3.64
18150 0.55 91.0 5.63
9 = +10°
Diamagnetic correction = 182 x 10“ 6 c.g.s.u.
Complex XA-10'
-1 _2
xA * T(°K) ue f f CB.M.)
Nitrosyl(salphen)iron 6020 1.66 293.0 3.77
6598 1.51 263.0 3.73
7267 1.37 230.5 3.66
7981 1.25 198.0 3.56
5878 1.70 167.0 2.80
4863 2.05 135.5 2.29
5540 1.80 104.0 2.16
6406 1.56 90.0 2.15
Diamagnetic correction = 179 x 10“ 6 c.g.s.u.
(Cont.)
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TABLE 3.11 (Cont.)
Complex Xa -1q6
_1 _ 2
XA -10 T(°K)
N itro sy l (t-B usalphen) - 7866 1.27 293.0 4.29
iro n 8343 1.19 263.0 4.19
10110 0.98 230.5 4.30
11000 0.90 198.5 4.18
13100 0.76 166.5 4.17
15630 0.64 136.0 4.12
20460 0.48 104.0 4.12
23430 0.42 90.0 4.11
e = +10°
Diamagnetic c o rre c t io n = 297 x i c f 6 c .g . s .u .
Complex
6
XA.10
_1 i.2
XA .10 T(°K) ue££(B.M.)
N itro s y l( s a ld p t) i ro n 6476 1.54 293.0 3.89
7148 1.39 263.0 3.87
8072 1.23 230.5 3.85
9269 1.07 198.5 3.83
11000 0.90 166.5 3.82
13220 0.75 132.5 3.74
16990 0.58 102.5 3.73
19360 0.51 90.0 3.73
0 = +10°
„6
Diamagnetic c o rre c tio n = 103 x 10 c .g .s .u .
(Cont.)
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. TABLE 3.11 (Cont.)
• Complex Xa -10'
-1 _2
XA -10 T(°K) U^££(B0M. )
Nitrosyl(N02-saldpt) 7536 1.32 293.0 4.20
8573 1.16 263.0 4.26
10060 0.99 230.5 4.30
1 2 1 1 0 0.82 198.5 4.38
14610 0.68 166.5 4.41
18120 0.55 136.0 4.44
23690 0.42 104.0 4.44
27090 0.36 90.0 4.41
0 = -20
Diamagnetic correction = -128 x 10-6 c.g.s.u.
electrons. Hie decrease of one in the number of unpaired electrons 
compared with the parent complexes is best explained by considering one 
unpaired electron of the metal atom of the Schiff base chelate to be 
paired with the odd electron of the nitric oxide. The magnetic 
susceptibility measurement cannot give information with respect to the 
oxidation state of nitrosyl group, but the magnetic data are compatible 
with the formation of iron as iron(III) or iron (I) and therefore with 
nitric oxide as [NO] or [NO]*.
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The infra-red spectra of the Schiff base iron(II) complexes were 
-recorded for comparison with the corresponding nitrosyls* The spectra 
of nitrosyls and parent complexes in the appropriate region are shown in 
Figures 3.26-3.28. Each nitrosyl shows a strong additional absorption, 
compared with the parent complex, which has been assigned to the nitric 
oxide stretching frequency (Table 3.12).
The nitric oxide stretching frequencies of the nitrosyls are 
within or close to the range more indicative of coordinated [NO] than 
[N0]+, (1700-1500 cm *) . Also, the known crystallographic structures 
of the square-pyramidal iron mononitrosyls of systems related to salen
7A 9A ftindicate slightly bent Fe-N-0 groupings (~170°), characteristic
of coordinated [NO]”. It has been suggested^’ that the salen-iron 
nitrosyl may formally be regarded as Fe(III) and [NO] .
(ii) Infra-red Spectra
TABLE 3.12
The Nitric Oxide Stretching Frequency in 
Iron Complexes.
Ligand vN-0 (an }
Cl-saldpt
NQ2-saldpt
t-Busalen
salphen
t-Busalphen
saldpt
1660
1725
1732
1660
1625
1715
Fe (salen) Fe (t-Busalen)
1900 1700 1500 1900 1700
Fe (salen) NO Fe (t~Busalen) NO
1909, 1700 1500
FIGURE 3.26
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Fe (salphen) .H20 (t-Busalphen)
1900 1700 1500 1900 1700 1500
Fe (salphen)NO Fe(t-Busalphen)NO
19 00 1 7 0 0 1 500 1 900 1700 1 5 0 0
FIGURE 3.27
Fe(saldpt) Fe(N02-saldpt)
1900 1700 1500 1900 1700 1500
FIGURE 3.28
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The difference in the stretching frequencies of the nitric oxide 
hand (Table 3.12) in different compounds is probably due to different 
Fe-N-0 angles.
Coordination as [NO] is more compatible with the chemical properties 
of nitric oxide which behaves as an oxidising rather than a reducing 
agent towards the metal ion in this type of complex. For example, it 
oxidises (salen)manganese(II) to a manganese (III) complex,^ and in some
conditions no (salen)iron nitrosyls, but oxidation products are
•t . - , 209obtained.
(iii) Mbssbauer Properties
The only Mossbauer results available from nitrosyl complexes are 
for Fe (t-Busalen)NO ; the data are shorn in Table 3.13,
From the infra-red and magnetic data, it has been suggested that 
the nitrosyls formally contain Fe(III) and [NO]”, although the results 
can be explained in terms of Fe(I) and [N0]+. However, the Mossbauer 
results obtained for Fe(t-Busalen)NO at 78 K are typical of high-spin 
iron (1 1 1 ) compounds, i.e. an isomer shift of -0.6 mm sec 1 and a small 
quadrupole splitting.
The isomer shift value suggestes that at 78 K, this nitrosyl 
compound containes Fe(III) and [NO] . Hie nitrosyls with quadridentate 
ligands have been assumed to have square-pyramidal structure and 
considered to be high-spin iron(III) complexes. They are not "normal" 
high-spin iron(III) complexes, because they contain only three and not 
five unpaired electrons. The zero or low quadrupole splitting value
182
indicates a spherical or nearly spherical symmetry fo r  the d-electrons 
at the nucleus, typical of high-spin iron(III) complexes.
Various iron (III) complexes, [Fe(py) {S2C?R2}2] (R = CN or. CF3),
have three unpaired electrons and have been assumed to be square- 
247pyramidal. These complexes have similar isomer shift to that of
248nitrosyl(t-Busalen)iron, but much larger quadrupole splittings.
- TABLE 3.13
Comparison of Mossbauer Data for Fe (t-Busalen) NO and a Known 
Compound (at 78 K) .
Compound -l<5(mm sec ) A (mm sec-1)
[FeCpy) {S2C2R2}2]' * 0.59 2.61
Fe (t-Busalen) NO 0.59 0.49
'
(*) Reference 248 0
(iv) Visible and Ultra-Violet Spectra
The spectra of the iron-nitrosyl compounds have been recorded and 
examples are given in Figures 3.29 and 3.30. The spectra are similar 
to that of the cobalt compound. Again the nitrosyl spectra show additional 
sharp bands in the 5900 cm region. These have the appearance expected 
for overtone or combination bands from the infra-red region. At lower 
wavelengths there is again strong ligand absorption. The band maxima 
are given in Table 3,14.
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Reflectance Spectra of Nitrosyl Complexes.
TABLE 3.14
Ligand
_l
Band maxima (cm )
t-Busalen 5750, 5890, 17150, 28570, 36300, 44400
salphen 5970, 23260, 33900, 46510
t-Busalphen 5950, 26660, 38460, 45450
saldpt 5950, 17700, 27400
N02-saldpt 5760, 5990, 6370, 21590, 25450, 30300,
38460(sh), 46080(sh).
(*) sh = shoulder.
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(Salen)cobalt(II) and (salen)iron(II) compounds can be reduced to
a monoanion using sodium metal as the reducing agent. This was first
249 250 251reported by Calderazzo et al.. ’ and later confirmed by others.
The reduced forms of metal-salen complexes, formulated as Na{M(salen)}
(M = Co or Fe), react with organic halides to form alkyl and aryl metal-
(III) derivatives of the Schiff base complex ; these contain stable
metal-carbon bonds. Stable metal-carbon bonds have some biochemical
significance e.g., the coenzyme of vitamin B12 contains a cobalt-carbon
» j 25 2 bond.
The crystal and molecular structure of the complex Co (salen) C2H5 
253has been .determined. The crystals are built up of dimeric units ; 
dimerisation occured by the coordination of the cobalt atoms with the 
oxygen atom of an adjacent Ce (salen) C2H5 molecule.
However, very little work has yet been reported on sodium 
derivative of (salen)iron(II) and its alkyl and aryl derivatives.
(i) Experimental
The compound {(salen) Co (II) or (t-Busalen) Co (I I) } (9.1 mmol) was 
partially dissolved in tetrahydrofuran (30 ml) and treated at room 
temperature with sodium sand (0,22 g ; 9.5 mg-at). The initially orange- 
red solution readily became green ; the reaction mixture was stirred 
Vigorously until all 'the undissolved (salen) Co (II) or (t-Busalen) Co (I I) 
went into solution (about 6 hours). At this point the green solution
3.6.7 Reduction of Cobalt and Iron Complexes
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was filtered, concentrated, and heptane was added until the sodium 
derivatives separated out as deep blue {for the Na [Co (salen)]} or green 
for Na [Co (t-Busalen) ]} solids which were filtered off and dried in 
vaccum. These compounds are extremely sensitive to air.
The sodium derivatives of (salen)Fe(II) and (t-Busalen)Fe(II) were 
prepared in a similar way. The initially violet solution became 
gradually (20 hours) deep green. They were reduced to about half volume 
and heptane was added (200 ml). Deep violet and blue solids were obtained 
for Na[Fe(salen)] and Na [Fe(t-Busalen)] respectively. These compounds 
were also extremely sensitive to air. Analytical data are given in 
Table 3.15.
It is obvious from the Table that attempts to prepare these compounds 
by using the reported preparative method were only partially successful 
and need very careful further investigation. The change in colour and 
extreme sensitivity to air of these compounds indicate reduction of the 
metal ions to a lower oxidation state. The only way to prove this is by 
results from Mo'ssbauer spectroscopy which unfortunately have not yet been 
carried out.,
TABLE 3.15
Analytical Data for Sodium Derivatives of Cobalt and Iron Complexes.
Complexes C H N metal
Na[Co(salen)]
Na[Co(t-Busalen)] 
Na[Fe(salen)] 
Na[Fe(t-Busalen)]
Found % 
Calc. %
54.07 5.05 6.46 15.58
55.17 4,02 8.05 16'.95
Found % 
Calc. %
59.12 6.68 5.75 12.58
62.61 6.52 6.09 12.83
Found % 
Calc. %
46.80 5.45 5.47 10.60
55.65 4.06 8.12 16.23
Found % 
Calc. %
49.87 5.61 4.46 9.23
63.02 6.56 6.13 12.25
CHAPTER FOUR
EXPERIMENTAL TECHNIQUES
4.1 APPARATUS AND PREPARATIVE METHODS
The apparatus which was used to prepare the air-sensitive compounds 
is shorn in Figure 4.1.
21 8Compounds were prepared under nitrogen as described previously.
Hie dried nitrogen gas entered the main apparatus at B as shown in Figure 
4.1. Any vessel used was evacuated and then filled with nitrogen several 
times before any reaction was carried out, and always left under nitrogen.
Iron and cobalt compounds were prepared by adding the metal ion to 
a ligand solution in a 3-tap flask A. Hie 3-tap flask A was joined at B 
(Figure 4.1), taps 1 and 2 were kept closed, and the flask was heated in 
an oil bath at 110-120° C in a slow stream of nitrogen until the reaction 
was complete. The bath was then removed and vessel A allowed to cool, 
and the compound crystallized. Flask A was then attached by tap 2 to 
the filter unit C (Figure 4.2 a). The crystals were filtered off, washed 
and dried under continuous pumping, and the solid was broken up with the 
paddle D and sealed off in the pyrex tubes. For compounds which were 
stable in air when dry, a simpler apparatus arranged as in Figure 4,2 b 
was used.
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4.2 PREPARATION OF COMPLEXES WITH NITRIC OXIDE
The apparatus used for the preparation of metal-nitrosyls from
. nitric oxide is shown in Figure 4.3. Tlie method was similar to that
218described by King. Hie nitric oxide passed through trap A, which wras 
cooled with solid carbon dioxide in methylated spirit, to remove higher 
oxides of nitrogen and moisture. The gas burette B and the reaction 
vessel, which was attached at C, were filled through 1, 2, and 3.
The cobalt nitrosyls were prepared by reacting the metal ion writh ligand' 
in the nitric oxide environment in a vessel shown in Figure 4.2 c.
Hie iron nitrosyls were prepared by reaction nitric oxide with the pre­
formed iron complexes suspended in 96% ethanol (see also 3.4.4 section).
4.3' MAGNETIC MEASUREMENTS
The Gouy method was used for the determination of the magnetic
susceptibilities of solids. Hie apparatus, which was used over the
254temperature range 90-293 K, is that described by Eamshaw, and supplied 
by Newport Instruments Ltd. (Figure 4.4). Air sensitive compounds were 
sealed into uniform, flat-bottomed pyrex tubes under vaccum using the 
tube-breaking apparatus shown in Figure 4.5. This apparatus ivas also 
used to prepare specimens for diffuse reflectance investigations. The 
tubing used was 3.5-3.6 mm. Lengths of 9-10 cm of compound were found 
to yield the most accurate results. Each glass tube was calibrated over 
the. temperature range 90-293 K at different field strengths to allow for 
the diamagnetism of the glass.
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Hie molar susceptibility was calculated from the formula :
2MgLw
XM 5 F
w h ere  ;
M - the molecular weight of the compound;
g = the acceleration due to gravity;
L = the length of the sample;
w = the net change in weight in the magnetic field
allowing for the diamagnetism of the glass tube;
W = weight of sample;
H = the magnetic field experienced by the sample of length 
L at the current used.
XA, the atomic susceptibility for the paramagnetic compound was obtained 
by subtracting the molar susceptibility the diamagnetic corrections for 
the groups of ligands present.
XA ~ XM SxL
254Diamagnetic corrections were calculated from Pascal’s Tables. The 
effective magnetic moment was calculated from the equation :
Re££ - 2.828 / x^ T' Bohr magneton
T « absolute temperature.
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FIGURE 4.3
195
H
196
Tube for magnetic measurement
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4.4 INFRA-RED SPECTRA
The spectra of the compounds were recorded as nujol mulls between 
KBr discs over tlie range 4000-400 cm on a Perkin-Elmer 577 spectro­
photometer.
The samples of air-sensitive compounds were prepared in a nitrogen- 
filled dry plastic bag.
4.5 ULTRAVIOLET AND VISIBLE SPECTRA 
Reflectance Spectra
Hie reflectance spectra were recorded over the range 50000-5000 cm” 
at room temperature on a Beckman Spectrophotometer Acta M IV.
Hie air sensitive compounds were transferred to a rectangular 
reflectance cell and sealed in vaccum using the' apparatus described 
earlier (FiguTe 4.5).
4.6 PROTON MAGNETIC RESONANCE SPECTRA
1H nuclear magnetic resonance spectra were recorded on a Bruker 
WH-90 Fourier-Transform instrument operating at 90 MHz by .
Mr J P Bloxsidge.
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4.7 CONDUCTANCE MEASUREMENTS
Molar conductivities were measured at 25°C using a P h i l i p s  GM-4249
2conductance bridge and a calibrated conductance cell (R = 0.367 ohm.cm ).
255The method for measuring conductance is explained in Vogel, Chloro­
form was used as a solvent for complexes in 0.001 M solutions.
4.8 MOLECULAR WEIGHT MEASUREMENTS
The molecular weights of compounds were measured at 25°C on a 
Perkin-Elmer molecular weight instrument, Model 115,
4.9 X-RAY POWDER PHOTOGRAPHY
The X-ray powder photographs were obtained on a Philips, Debye- 
Scherrer type P 1024 powder camera with Cu-Ka radiation and nickel 
filters by the Straumanis method.
The diffraction lines were measured by a special ruler, to determine 
the d spacings (perpendicular distance between the planes).
4.10 MOSSBAUER MEASUREMENTS
All Mossbauer spectra were recorded at Birkbeck College, University 
of London, and calibrated with natural iron.
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4.11 ANALYTICAL METHODS
4.11.1 Metal Ion
(i) Lanthanides and Actinides
These metal ions were determined by heating a weighed amount' of 
the compound (0.2 - 0.3 g) in a furnace at 750-800°C for 3.-4 hours.
These were estimated as Ln203 for trivalent lanthanides and as M02 for 
cerium(IY), and thorium(XV) .
(ii) Iron
Iron analyses also were carried out by heating of a weighed amount 
of the compound in a furnace at 650-750°C. The iron was estimated as 
Fe203.
(iii) Cobalt
The complex (0.1 g) was destroyed by evaporating to dryness with 
concentrated sulphuric acid (5.0 ml), concentrated nitric acid (3.0 ml) 
and concentrated perchloric acid (0.5 ml). Hie residue was redissolved 
in water; usually the solution had to be warmed for complete dissolution. 
A two or three-fold excess of a standard solution of the disodium salt 
of EDTA was added, and the solution was heated to 70°C. The PH was . 
adjusted to 10 with ammonia, Eriochrome black T added as the indicator, 
and the excess EDTA back titrated with standard zinc sulphate.
It was necessary to evaporate to dryness when destroying the complex 
since good end-points were obtained only in solutions of low ionic
200
strength.
All detenninations were carried out in duplicate.
4.11.2 Microanalysis.
Carbon, hydrogen and nitrogen were determined by the University 
of Surrey Microanalytical Laboratory.
4.1.2 REAGENTS AND SOLVENTS
The solvents such as absolute ethanol, ,DMF and chloroform were 
Analar grade. Hie amines and the aldehydes were used as Analar and 
laboratory reagents without further purification.
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